REMARKS 

Claims 1, 2, 14, 17-20, 23, 29, and 32-43 are pending in this application. All of 
the claims were rejected under the judicially created doctrine of obviousness-type double 
patenting. Claims 1, 2, 14, 17-20, 29, 32-40, and 43-44 were rejected under 35 U.S.C. 
§ 1 12, first paragraph. Claim 20 was also rejected under 35 U.S.C. § 1 12, second 
paragraph. All of the claims were rejected under 35 U.S.C. § 103(a) for obviousness. 
Each of the Office's rejections is addressed below. Applicants respectfully request 
reconsideration of the claims as amended. 

Support for the amendments 

Claim 1 has been amended to delete the term "murine." Support for this 
amendment may be found, for example, in original claims 1,5, and 16. Other claim 
amendments have been made to correct claim dependencies and typographical errors. 
New dependent claims 44 to 55, directed to combined compositions, have been added. 
Support for these claims may be found, for example, for example, at page 32, lines 1 1 to 
15. No new matter has been added by these amendments. 

Rejections under the Judicially Created Doctrine of Obviousness-Type Double Patenting 

Claim 41 was rejected under the judicially created doctrine of obviousness-type 
double patenting as being unpatentable over claim 9 of U.S. Patent No. 5,747,272. 
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Claims 1-2, 14, 17-20, 23, 29, and 32-43 were rejected under the judicially created 
doctrine of obviousness-type double patenting as being unpatentable over claim 9 of U.S. 
Patent No. 5,747,272 in view of Carter et al. (WO 94/04679; "Carter"). Applicants will 
address each of these rejections, if appropriate, upon an indication of otherwise allowable 
subject matter. 

Rejections under 35 U.S.C. § 1 12, first paragraph 

Claims 1, 2, 14, 17-20, 29, 32-40, and 43-44 were rejected under 35 U.S.C. § 1 12, 

first paragraph. Although acknowledging that applicants' specification enables 

humanized monoclonal antibodies based on monoclonal antibodies 13C4 or 1 1E10, the 

examiner has maintained the rejection on the grounds that: 

[T]he specification is silent on the sequences of the murine variable region 
required to confer function on the chimeric antibody the location (or 
sequence) of the immunogenic epitopes. Given the lack of guidance 
contained in the specification and the unpredictability in determining 
acceptable sequence variations, one of skill in the art could not make the 
broadly claimed invention without undue experimentation. 

For the following reasons, applicants respectfully disagree. 

Contrary to the examiner's assertion, applicants' specification clearly sets forth the 

sequences of the variable regions as well as specific complementarity determining region 

(CDR) sequences required to confer binding to Shiga toxin protein. For example, at page 

9, lines 18-20, the specification states, "... the CDRs of the variable region are employed 

in the invention. [These] CDRs are located in the variable regions of both the light and 
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heavy chains and are responsible for antigen binding " (emphasis added). Both the entire 
variable region sequences and the individual CDRs for the heavy and light chain are set 
forth in Figure 3, for the antibodies based on monoclonal antibody 13C4, and Figure 6, 
for the antibodies based on monoclonal antibody 1 1E10. 

Applicants further note that all of the claimed humanized monoclonal antibodies 
recite sequences based on the defined regions of monoclonal antibodies 13C4 and 1 1E10, 
which the examiner has acknowledged are enabled by applicants' specification. 
Applicants point out that, having access to applicants' newly disclosed immunoglobulin 
variable regions and CDR gene sequences based on monoclonal antibodies 13C4 and 
1 1E10, their specification enables the identification of additional nucleic acid molecules 
encoding an immunoglobulin variable region falling within applicants' claims absent 
"undue experimentation," simply by following the teachings found in applicants' 
specification in combination with standard methods known in the art at the time of 
applicants' invention. 

Any "experimentation" involved in isolating and characterizing additional variable 
regions falling within the present claims is straightforward, and is rendered so by 
applicants' discovery of the sequences encoding the 13C4 and 1 1E10 immunoglobulin 
variable regions. Specifically, if one skilled in the art wished to produce additional 
variable region sequences, they would simply use, for example, applicants' disclosed 
variable region sequences as a template in combination with conventional mutagenesis 
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methodologies, such as alanine scanning, site-directed mutagenesis, or saturation 
mutagenesis. 1 Monoclonal antibodies having sequences encoding variable regions that 
include, for example, at least part of an immunoglobulin variable region falling within the 
scope of the claims are then tested for binding to Shiga toxin protein, for example, Stxl 
or Stx2, using the assays outlined in applicants' specification. (See, for example, 
Example 3 and Example 6.) Accordingly, there is no basis for concluding that one skilled 
in the art, once equipped with applicants' disclosed sequences, would not be able to 
isolate a reasonable number of sequences encoding at least part of an immunoglobulin 
variable region falling within the scope of the present claims. 

In addition, the examiner also notes that the features upon which the applicants' 
rely, for example, that the claimed antibody must bind antigen, are not recited in the 
claim. Applicants note, however, that the claims are directed to a "humanized 
monoclonal antibody that binds to Shiga toxin protein" or "humanized monoclonal 
antibody which binds Shiga toxin type 2 and Shiga toxin type 2 variants." Furthermore, 
to the extent the examiner requires applicants' claims to include specific epitope 
sequences, this requirement finds no basis in the law. 

Applicants also point out that, to sustain an enablement rejection, the Office has 

1 See, for example, Near et al., Characterization of an Anti-Digoxin Antibody Binding Site by Site-Directed 
Mutagenesis, Molecular Immunology 30:369-377, 1993 (copy enclosed); Chatellier et aL, Codon-Based 
Combinatorial Alanine Scanning Site-Directed Mutagenesis: Design, Implementation, and Polymerase Chain 
Reaction Screening, Analytical Biochemistry 229:282-290, 1995 (copy enclosed); and Jeffrey et al., The X-ray 
Structure of an Anti-Tumour Antibody in Complex with Antigen, Nature Structural Biology 2:466-471, 1995 (copy 
enclosed). 
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the initial burden to establish a reasonable basis to question the enabling nature of an 

applicant's specification. Thus, in a case in which the PTO questions the enablement of a 

claim, the CCPA, in In re Marzocchi, 439 F.2d 220, 223, 169 USPQ 367, 369 (CCPA 

1971) has stated that: 

a specification disclosure which contains a teaching of the manner and 
process of making and using the invention in terms which correspond in 
scope to those used in describing and defining the subject matter sought to 
be patented must be taken as in compliance with the enabling requirement 
of the first paragraph of § 112 unless there is reason to doubt the objective 
truth of the statements contained therein which must be relied on for 
enabling support (emphasis added). 

The MPEP (§ 2164.04) further emphasizes the Marzocchi standard in stating that: 

it is incumbent upon the Patent Office, whenever a rejection on this basis is 
made, to explain why it doubts the truth or accuracy of any statement in a 
supporting disclosure and to back up assertions of its own with acceptable 
evidence or reasoning which is inconsistent with the contested statement. 
Otherwise there would be no need for the applicant to go to the trouble and 
expense of supporting his presumptively accurate disclosure (emphasis 
added). 

Here, applicants note that no scientific evidence currently made of record in this case 
establishes a basis for doubting the objective truth of the statements found in applicants' 
specification regarding enablement with respect to isolating at least a part of an 
immunoglobulin variable region falling within applicants' claims and determining 
whether such sequences bind to Shiga toxin protein. Moreover, the examiner has 
provided no evidence or reason for doubting applicants' statement that other variable 
regions falling within the scope of the claims would function similarly as those described 
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for 13C4 and 1 1E10. On this basis, as well, the facts in the present case compel 

withdrawal of the § 1 12, first paragraph enablement rejection, and applicants request 

reconsideration on this issue. 

In also rejecting claims 23, 29, and 39-40, the examiner states: 

Claims 23, 29 and 39-40 are rejected under 35 U.S.C. 1 12, first paragraph, 
because the specification, while being enabling for pharmaceutical 
compositions comprising humanized monoclonal antibodies based on 
monoclonal antibodies 13C4orllE10 (defined sequences), does not 
reasonable provide enablement for pharmaceutical compositions comprising 
humanized antibodies "containing at least part of a murine immunoglobulin 
variable regions as shown in Figure 3 (SEQ ID NO.:21 or Figure 6 (SEQ ID 
NO.: 42), wherein the antibody specifically reacts with Stxl or Stx2 antigen 
or portions of SEQ ID NO.:42 or SEQ ID NO.:44 mainly for the reasons set 
forth in the previous Office action in the rejection of claims 23 and 29. The 
specification does not enable any person skilled in the art to which it 
pertains, or with which it is most nearly connected, to make and/or use the 
invention commensurate in scope with these claims. Contrary to 
Applicant's assertion, the amendment to claim 1 is not sufficient to obviate 
the aforementioned rejection. As outlined previously, the specification is 
silent on how the claimed compositions would be used and equally silent on 
the efficacy of a give composition. Since no evidence has been provided 
that illustrates or even suggests that the claimed pharmaceutical 
compositions are capable of eliciting a beneficial therapeutic response, one 
of skill in the are would be able to make and use the claimed invention. 



As is discussed above, applicants have addressed the examiner's specific concern 
regarding the specification's guidance for producing humanized antibodies containing at 
least part of an immunoglobulin variable region falling within the scope of the claims. 

With respect to the examiner's contention that "no evidence has been provided that 
illustrates or even suggests that the claimed pharmaceutical compositions are capable of 
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eliciting a beneficial therapeutic response," applicants submit that this basis for the § 112 
rejection — while cast in enablement terms — is, in reality, a utility rejection and should 
be properly evaluated under the Utility Examination Guidelines published in the Federal 
Register in July 1995 and now cited in the MPEP at § 706.03(a) and §§ 2107-2107.02. 
These Guidelines and the accompanying Legal Analysis apply to rejections based upon 
lack of utility, whether cited under 35 U.S.C § 101 or under § 1 12, first paragraph, as in 
the present case. The standard is whether the efficacy of a therapeutic is believable to 
those skilled in the art. Applying this standard to the present case, the § 112 rejection 
should clearly be withdrawn. 

Moreover, as noted in the Guidelines, to uphold this ground for the § 112 rejection, 
the examiner must establish the present case as one of those rare instances which meets 
the stringent criteria for rejection described in the Legal Analysis, i.e., "totally incapable 
of achieving a useful result." Brooktree Corp. v. Advanced Micro Devices, Inc. , 977 F.2d 
1555, 1571, 24 USPQ2d 1401 (Fed. Cir. 1992), as cited in the Legal Analysis, page 2, 
lines 44-45. According to the Legal Analysis, the only instances in which the Federal 
courts have found a lack of patentable utility was where, "based upon the factual record 
of the case, it was clear that the invention could and did not work as the inventor claimed 
it did." (Legal Analysis page 3, lines 10-12). These rare cases have been ones in which 
the applicant either (a) failed to disclose any utility for the invention or (b) asserted a 
utility that could be true only "if it violated a scientific principle, such as the second law 
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of thermodynamics, or a law of nature, or was wholly inconsistent with contemporary 
knowledge in the art." (Legal Analysis page 9, lines 10-16). 

Clearly, no such evidence is present in this case, and the use of applicants' claimed 
compositions has not been shown to violate a scientific principle or law of nature. 
Applicants 5 specification provides clear and convincing evidence that the claimed 
antibodies provide protection from a lethal dose of bacteria in an in vivo mouse model. 
For example, Example 8 in the specification describes the injection of mice with H13C4 
antibody (humanized anti StxlB), mouse 13C4 antibody (anti StxlB), or HI 1E10 
(humanized anti-Stx2A). The mice were then challenged with crude Stxl toxin protein 
and monitored. The antibodies to StxlB protected the mice against at least 10 times the 
normal lethal toxin dose, while the negative control antibodies, directed to Stx2A protein 
did not provide such protection. These results plainly demonstrate the efficacy of the 
claimed antibodies in protecting the mouse from the lethal effects of Stxl . 

Example 8 also describes the protection against oral infection with Stx2-producing 
enterohemorrhagic Escherichia coli (EHEC) bacterial strains. In this case, two different 
strains of mice were challenged with EHEC strains, each producing Stx2 protein. The 
mice were injected at day zero and again at day one with HI 1E10 antibody (humanized 
anti Stx2A), mouse 1 1E10 antibody (anti Stx2A), or mouse 13C4 (anti-StxlB). Again, 
only the specific antibody, in this case the murine and humanized 1 1E10 antibodies, 
provided protection against the lethal dose of EHEC. These examples clearly 
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demonstrate that the antibodies of the invention are useful as a therapeutic for the 
treatment of diseases caused by Shiga toxin producing pathogens such as EHEC. 
Example 9 of the specification describes the use of the claimed antibodies for the 
treatment of diseases caused by bacteria producing Shiga toxin. 

In short, applicants again note that no evidence is present in this case to doubt the 
objective truth of the statements found in applicants 5 specification. Moreover, applicants' 
specification does indeed demonstrate how the claimed pharmaceutical compositions are 
to be used, and presents compelling data demonstrating the in vivo efficacy of the claimed 
compositions. Accordingly, applicants request reconsideration and withdrawal of this 
basis for the enablement rejection. 

Rejection under 35 U.S.C. § 1 12, second paragraph 

Claim 20 was deemed vague and indefinite on the grounds that "the language used 
and the organization of the claim is unclear." This issue has been addressed by the 
present claim amendment. 

Rejection under 35 U.S.C. § 103(a) 

Claims 1, 2, 14, 17-20, 23, 29, and 32-43 were rejected under 
35 U.S.C. § 103(a) as being unpatentable over Speirs et al. {Canadian Journal of 
Microbiology, 37:650-653, 1991; "Speirs") or O'Brien et al. (U.S. Patent No. 5,747,272; 
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"O'Brien") in view of Carter et al. (WO 94/04679; "Carter") and Shitara et al. (U.S. 



Patent No. 5,866,962; "Shitara"). Speirs and O'Brien are cited for disclosing the mouse 
13C4 and 1 1E10 antibodies. Carter and Shitara are relied upon for disclosing methods of 
producing humanized antibodies. For the following reasons, this rejection should be 
withdrawn. 

Applicants' application includes claims directed to various embodiments of a 

humanized monoclonal antibody that binds to Shiga toxin protein. Though the claims 

vary, independent claim 1 is perhaps most representative: 

1 . A humanized monoclonal antibody that binds to Shiga toxin protein, 
comprising a constant region and a variable region, wherein said constant 
region contains at least part of a human immunoglobulin constant region 
and said variable region contains at least part of an immunoglobulin 
variable region as shown in Figure 3 (SEQ ID NO: 21) or Figure 6 (SEQ ID 
NO: 42), wherein the antibody specifically reacts with Stxl or Stx2 antigen. 

The Federal Circuit has stated: 

"[Virtually all [inventions] are combinations of old elements." Therefore 
an examiner may often find every element of a claimed invention in the 
prior art. If identification of each claimed element in the prior art were 
sufficient to negate patentability, very few patents would ever issue. 
Furthermore, rejecting patents solely by finding prior art corollaries for the 
claimed elements would permit an examiner to use the claimed invention 
itself as a blueprint for piecing together elements in the prior art to defeat 
the patentability of the claimed invention. Such an approach would be "an 
illogical and inappropriate process by which to determine patentability." In 
reRouffet, 149 F.3d 1350, 1357-58, 47 USPQ2d 1453, 1457 (Fed. Cir. 
1998) (internal citations omitted). 

Moreover, the court has explained that "[t]o prevent the use of hindsight based on 
the invention to defeat patentability of the invention, ... the examiner [is required] to 
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t 

show a motivation to combine the references that create the case of obviousness." In re 
Rouffet, 149 F.3d 1350, 1357-58, 47 USPQ2d 1453, 1457 (Fed. Cir. 1998). Simply put, 
in order to establish a prima facie case of obviousness, "the examiner must show reasons 
that the skilled artisan, confronted with the same problems as the inventor and with no 
knowledge of the claimed invention, would select the elements from the cited prior art 
references for combination in the manner claimed." In re Rouffet, 149 F.3d 1350, 1357- 
58, 47 USPQ2d 1453, 1457 (Fed. Cir. 1998). As explained below, the examiner has 
failed to show a prima facie case of obviousness and the rejection should be withdrawn. 

As motivation for combining the references of record, the examiner states that "it 
would have been . . . obvious for one of skill in the art to employ the methodologies 
disclosed by Carter et al. to humanize the 13C4 and 1 1E10 antibodies in order to reduce 
the side effects associated with anti-mouse immunoglobulins since the process of 
humanizing a known antibody is well known in the art." There is, however, nothing in 
the references of record that provides any basis for selecting either the 13C4 or the 1 1E10 
as a candidate antibody for humanization. 

Why select the Speirs and O'Brien antibodies for humanizing along the lines 
described by Carter or Shitara? Speirs and O'Brien describe using the mouse 13C4 and 
1 1E10 antibodies for detecting cytotoxins. The examiner assumes that the ability of the 
mouse 13C4 or 1 1E10 antibodies to detect cytotoxins may be equated with treating a 
patient. There is nothing in Speirs or O'Brien that teaches, suggests, or motivates the 
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skilled worker to use their antibodies to treat a shiga toxin induced disease, much less a 
teaching to administer these antibodies to a patient. Accordingly, there is no motivation 
"to employ the methodologies disclosed by Carter et al. to humanize the 13C4 and 1 1E10 
antibodies in order to reduce the side effects associated with anti-mouse 
immunoglobulins." Carter and Shitara simply describes methods for humanizing an 
antibody, and each fails to describe or even mention either the 13C4orllE10 antibody. 
Furthermore, the examiner fails to explain, when analyzing the references, "what specific 
understanding or technical principle .... would have suggested the combination." See 
Rouffet, 149 F.3d at 1357, 47 USPQ2d at 1459. Accordingly, to the extent that the 
examiner relies upon Speirs and O'Brien to establish that it would have been obvious to 
use the 13C4 or 1 1E10 antibodies as a therapeutic composition to treat a disease, merely 
because it would be obvious to try such an experiment, the examiner is in error. See 
Hybritech Inc. v. Monoclonal Antibodies, Inc. 802 F.2d 1367, 1380, 231 U.S.P.Q. 81, 91 
(Fed. Cir. 1986) cert denied, 480 U.S. 947 (1987). ("Obvious to try" is improper 
consideration in adjudicating obviousness issue.) 

A reference-by-reference, limitation-by-limitation analysis, as presented in the 
Office Action, fails to demonstrate how the Speirs, O'Brien, and Carter references teach 
or suggest their combination with the murine 13C4 or 1 1E10 antibodies, used to detect a 
cytotoxin, to yield the claimed humanized antibody compositions. The obviousness 
analysis in the Office Action is limited to a discussion of how the references can be 
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pieced together, in hindsight, to yield the claimed invention. It is an error to reconstruct 

the patentee's claimed invention from the prior art by using the patentee's claim as a 

"blueprint." As the Federal Circuit stated in Interconnect Planning Corp. v. Feil, 11 A 

F.2d 1132, 1143, 227U.S.P.Q. 543, 551 (Fed. Cir. 1985): 

When prior art references require selective combination to render obvious a 
subsequent invention, there must be some reason for the combination other 
than the hindsight gleaned from the invention itself. There must be 
"something in the prior art as a whole to suggest the desirability, and thus the 
obviousness, of making the combination, [citations omitted.] 

To believe that one skilled in the art would be motivated to make applicants' claimed 

humanized antibodies, when Speirs, O'Brien, and Carter, either alone or in combination, 

never even discuss, suggest, or mention modifying the mouse 13C4orllE10 antibodies 

used for detecting cytotoxins in a way that would lead one to applicants' claimed 

humanized antibody compositions is to assume a level of inspiration constituting 

inventive activity. The case law makes clear that to avoid a hindsight-based obviousness 

analysis that the Patent Office bears the burden of elucidating factual teachings, 

suggestions, or incentives from the prior art that show the suitability of the combination 

of references. See Graham v. John Deere Co., 383 U.S. 1, 18, 148 U.S.P.Q. 459, 467 

(1966) ("strict observance" of factual predicates to obviousness conclusion required). 

Absent a motivation to combine references, the examiner has not shown a proper 

prima facie case of obviousness, and the rejection of the claims under § 103 for 

obviousness over Speirs or O'Brien in view of Carter or Shitara should therefore be 
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withdrawn. 



CONCLUSION 



Applicants submit that the pending claims are in condition for allowance and such 
action is respectfully requested. 

Enclosed is a Petition to extend the period for filing an Appeal Brief for five 
months, to and including October 22, 2004. Applicants further enclose a check for 
$108.00 in payment of new claims 44-55. 

If there are any additional charges or any credits, please apply them to Deposit 
Account No. 03-2095. 



Clark & Elbing LLP 
101 Federal Street 
Boston, MA 02110 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 



Respectfully submitted, 
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CHARACTERIZATION OF AN ANTI-DIGOXIN ANTIBODY BINDING 
SITE BY SITE-DIRECTED IN VITRO MUTAGENESIS* ; 



Richarb I. Near, ft Mewgdith Mudgbit-Htjnt£R,T Jmi Novotny,§|| 
Robert Bruccoler^ | and Sw Chung Ng§|| 
tCeUular and Molecular Research Laboratory, Massachusetts General Hosplml <md j^f^™5 ^ 
mE H-arf Medical School, Boston, MA 02114, U.S.A.; and §Bn*tol-Myers Sauibb 
Phannaceutical Research Institute. Princeton. NJ 08543, U.S.A. 

(Received 24 April 1992; accepted 9 August 1992) 

Abstract-* vitro mutagenesis and immunoglobulin gene transfecdon vyctc used jbe 
toding site of a monoclonal antibody, 2610, that bind, to digoxin, a oarchac glycoud,- ^putcr 
moddW generated in order to select sites in the complementarity determining regions CCDW that 
would participate in binding. Residues in the CDR segments were chosen that poaseu high solvent 
™ and were located in a putative cleft. The cloned heavy and light chain vanabk regions were 
lubiected to in vitro mutagenesis at these sites. The mutated variable regions in M13 wot then 
SSYnto «™rion v«tora and transfected. The affinities and specificity binding properties 
SS^^^SSd SsEL were measured. Many of the mutants of the putative iontact 
residues showed significant but not major alteration* of binding properties Since most of the i widuea 
[« Z Wndinrdtfare non-polar and aromatic and since many of the mutations resulted n only 

theorize that much of the high «4 finding : (>I«^ J 
^ulationofLny weak interaction*, arbing from dispersion forcea and hydrophobic 
Set Preliminary mutagenesis of two L chain positions proposed to bind to the lactone] end or 
SSoxin have larger binding effects. Specificity studic* show that the mutants more frequently guess 
SSl^the lactone ring oTdigoxin that altered binding to other ^oxin mo^. The 
STSe mostluggestive of a model in which lactone is at the bottom of a bmding P^4» 
by the steroid nucleus and then by the sugar moiety extruding out of the pocket The kn4ng 
informauon may be uaeful in understanding the immune response to laree. hydrophobic haptens. 



INTRODUCTION 

Digoxin is a cardiac glycoside which is uncharged and 
contains a steroid nucleus, a lactone ring and three sugar 
residues- Anybodies to digoxin provide a uaeful and 
relatively unique model for antibody-hapten interaction 
since: (1) digoxin is unusually large for a hapten and 
occupies most of the antibody ccmibining site (Brunger, 
1991; Kabnt, 1966); (2) X-ray cystallographic structures 
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Abbreviations: VH, heavy chajn immunoglobulin variable re- 
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base; CDR, complementarity determining region; CFM, 
counts per minute; PBSA, PBS containing 0.10% sodium 
aadc; PCR, polymerase chain reaction. Mutations are 
abbreviated as indicated by first noting L or H chain, the 
posidon in consecutive numbering, and the single letter 
amino acid mutation from the first amino acid to the 
second amino add (I.e. H1Q4W:F). 



of digoxin and several analogs are raown and show that 
the cardiac glycoside steroid ring ik confonnationally 
rigid, regardless of functional grouji substitutions (Go 
et aL, 1980); (3) there is ample availability of many 
digoxin analogs for the investigation |of fine specificity of 
antigen (Ag) binding (Fieser and Fijser, 1959); and (4) 
several monoclonal anti-digoxin antibodies generated 
from immunized A/J strain mice axe available and 
have unusually high affinities (greater than 10 9 /M) and 
different fine specificity patterns (Miidgctt-Huntcr err a/-, 
1982, 1985). The combination of these high affinities 
and varying specificity patterns suggests that multiple 
antibody-antigen contacts exist within the antibody 
combining sites and that these 
digoxin in a different fashion with 
(Mudgett-Hunter et al>, 1985), Th 
hapten this large thai induces antib 



affinity has only been minimally j studied 



itibodiea recognize 
ferem binding sites 
immunology of a 
lies with such high 
(Mudgctt- 
Such an 



Hunter et a/., 1982, 1985; Bates er|«f. ; 1985)- 
immune response might represent a different antibody 
response than that to most small haptens and may occur 
through unknown affinity maturation steps. To under- 
stand such a response it is essentia^ to initially under- 
stand the antigen-antibody interactions involved. 

Previously we have described ^ets of monoclonal 
anti-digoxin antibodies that share homologous Hand L 
chains (Mudgctt-Hunter et oL, 1985; Near et a/., 1991; 
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Near and Haber, 1989; Fanka and MargoUes. 1987). 
These sets are useful in structure-function studies be- 
cause the small mutational sequence differences are 
responsible for binding alterations. This allows the as- 
signment of particular protein residues 10 certain contri- 
butions ' of Ag binding. We cloned end expressed the 
genes from one of these sets (the 35-20 set that does not 
contain a major idiotype). By expressing various combi- 
nations of H and L chain in transfectomas, we were able 
to show that VH mutations control the fine specificity 
properties that distinguish different members of this set. 
Specifically, two CDR2 residues control the character- 
istic binding properties that distinguished the antibodies 
in the set By in vitro mutagenesis we were able to alter 
Ag specificity without affecting affinity (Near et al % 
1991). A computer model was generated which was 
consisiem with the data. 

However, some anti-digoxin antibodies with interest- 
ing binding properties are relatively unique in V region 
sequences. One such antibody, 26-10, has a unique H 
chain, yet contains a L chain that is homologous with 
those of four other antibodies (Mudgctt-Hunter et al., 
1985; Near et al, 1990). Antibody 26-10 is insensitive to 
removal of the sugar moieties, removal of the 12- 
hydroxy group but very sensitive to substitution of the 
lactone of digoxin. These binding properties distinguish 
26-10 from the other anti-digoxin antibodies (Mudgett- 
Hunter et of.. 1985; Schildbach et a!.. 1991). Aside from 
its binding properties, 26*10 is of interest because an 
X-ray structure will soon be available (Brungcr, 1991; 
Jeffrey and Sheriff, personal communication). Since the 
26*10 H chain is unique among the anti-digoxin anti- 
bodies available, the various binding properties of this 
antibody could not be readily assigned to certain 
residues by comparing the 26-10 protein sequence to 
those of homologous antibodies. Therefore, we gener- 
ated a computer model in order to estimate positions 
that would be informative in mutagenesis experiments. 
Here we describe the mutagenesis of 26-10 H and L 
chain variable region protein residues in order to charac- 
terize the digoxin binding site of 26-10 and the type of 
antibody-antigen interactions involved. 

MATERIALS AND METHODS 

Cell lines 

The anti-digoxin hybridoma 26-10 (y2a, k) has been 
previously described (Mudgett-Hunter et al. t 1982, 
1985). The cell line 26-10 k is a H chain-loss variant of 
26-10 which was selected by simply suboloning 26-10 and 
assaying subclones for loss of y2a by an ELISA assay 
and was found not to produce 26-10 H chain mRNA or 
any measurable digoxin-binding protein (Near, unpub- 
lished experiments). The cell line 26-10Hwt was pro- 
duced by transfecting J558L (X) (kindly donated by 
S. Morrison', U.C.L.A., Los Angeles. CA 90607) with 
the unmutated 26-10 H chain expression vector. This cell 
line produces a 26-10 H ohain and J558 lambda chain 
(confirmed by ELISA for y2b) which does not bind 
digoxin (Near, .unpublished* experiments). The cell line 



26-10 wt was produced by transfecjing both the unmu- 
tated 26-10 H and L chain expression vectors into J558L. 
This line binds digoxin with the same binding properties 
as 26-10 itself (see Results). AO cells were maintained in 
Dulbecco's modified Eagle's medium supplemented with 
15% fetal calf scrum (OlBCO, Grand Island, NY), 
50pg/ml gentemicin sulfate (GIBCO), and 0.6 mg/ml 
L-glutamine. 

Expression constructs 

The expression vector, pXvu* for the expression of VH 
has been previously described (Near et al., 1991). This 
vector was usually transfected into the cell line 26-10 k. 
Briefly, pSV2gpt vector (Mulligan and Berg, 1980) was 
modified to contain a polylinker and a murine y2b 
genomic fragment. For expression,) the mutated VH26- 
10 Xbal 1.7 kb genomic fragment Offear et al, f 1990) was 
subcloncd from M13 to the expression vector in the 
correct orientation. The 26-10 Vk! expression vector, 
pX*, has also been previously described (Near, 1992) and 
was usually transfected into the tell line, 26-10 Hwt. 
Briefly, the 27 kb HindlH-Xbal genomic Vk fragment 
(Near et a/., 1990) was altered such !that the Hindlll site 
was changed to an EcoRI site by in adaptor and then 
subcloned into M13mpl8 for mutagenesis. For ex- 
pression, the 26-10 Yk mutated EcoRI-Xbal 2.7 kb piece 
was then subcloned into pSV2neo (Southern, 1982) into 
which the 5.6 kb EcoRI-BamHI genomic 40-140 Vk Ck 
piece (Near et aL 1991) had Wen cloned and the 
BcoRI-Xbal 40-140 Vk ha* been removed. 

DNA tronsfection 

The construct for antibody expression was transfected 
into cells with a Gene-Pulsar clcctr jporatiou apparatus 
(Bio-Rad Laboratories, Richmond, 
described (Near et al. 7 1991). After 48 hr in normal 
media, cells were placed In selection [media. For VH with 
gpt gene selection, cells were plated fnto 96-well plates in 
0.4/jg/ml mycophenolio acid, 250^g/ml xanthine, and 
15/zg/ml hypoxanthine in norma medium. For Vk 
selection with the neo-gene, the sslection media con- 
tained 1.5 mg/ml G418 (GIBCO BRL, Goithcrsburg, 
MD). 

In vitro mutagenesis 

Mutagenesis was done as described by Kunkel (1985) 
with a Muta-Gene in vitro mutagenesis kit (Bio-Rad 
Laboratories, Richmond, CA). The 1.7 kb Xbal VH 
fragment or the 2.7 kb EcoRI-Xbai Vk fragments were 
cloned into Ml 3 and phage grown) in CJ236 to obtain 
uridinylated template. Oligonucleotides were annealed to 
the template, second strand synthesized and the products 
transfected into MV1 190 according io the manufacturer. 
All mutated V regions were sequenced to confirm correct 
mutagenesis. The sequences of oligonucleotides used for 
mutagenesis will be supplied upon {request. 

DNA sequence determination 



The V regions were sequenced b] 
termination method (Sanger et a/., 



the dideoxy chain- 
1977) using Seque- 
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nase (United States Biochemicals, Cleveland, OH) and 
adenosine 5'-[y - 35 (S)ihio] triphosphate (Amereham, 
Arlington Heights, IL) with M13 phage DNA. The 
sequences of the oligonucleotide primers will be supplied 
on request 

Antibody affinity determination 

The affinity constant was determined by a double 
precipitation assay as described (Mudgett-Huntcr et al t 
1985). Briefly, supernatant from each transfectoma was 
diluted in 1%' horse serum in PBS A to a concn estimated 
to be at the, level of the kD or lower. This diluted 
supernatant was incubated with different conens of 
pHJdifOXin t25;/Ci/mmol, New England Nuclear, 
Boston, MA) overnight at 4X, The Ag-Ab complex was 
precipitated with rabbit anti-mouse IgG (ICN Immuno- 
biologicaJe Inc., Lisle, IL) overnight followed by goat 
anti-rabbit IgQ (kindly donated by Dr Charles Homey, 
Massachusetts General Hospital, Boston, MA) for 4hr 



protocol developed for the reconstruction of MCPC603 
and HyHELS (Bruccolcri et c/-, |l988) was used to 
construct the model of the- 26-10 binding site;. In this 
construction, we began with the X-fcy crystal structure 
of McPC603 (Satow et al.,' \9S6).\ The V "region" se- 
quences of 26-10 was aligned .with jthosc of McPC603, 
and conformational searches using CONGEN (Brucco- 
leri and Karplus. 1987) were performkd on the qijWIq^ 
in the framework with different sequence. Then the loops 
of the antibody were constructed ip sequence starting 
with loops closest to the framework and ending at the tip 
of the combining site residue, except that the HI back- 
bone was taken directly from McPG603 because of the 
high sequence similarity. The specific order and amino 
acid residues constructed by conformational searches 
were L2 (55-$0). L3 (94-101), H2 (4&-S7), H3 (98-106), 
and LI (31-38). j 

The computer model showed a cleft of the proper 
dimensions to hind digoxin, Residues for mutagenesis 
at 4°C The precipitate was collected onto glass fiber were selected based upon their position with respect to 



filters (24 mm!, Schlechter and Schuell, Kccnc, NH); the 
filters were placed into 5 ml of scintillation fluid (Ultima 
Oold, PackaW Instrument Co.. Sterling, VA) and 
counted in a Packard 1500 Tri-Carb Liquid Scintillation 
Analyzer (Packard Instrument Co,, Sterling, VA). 
The data were analyzed with the program LIGAND 
(Munson and Robard. 1980) which calculates and the 
antibody concn. 

Suuiing specificity determination 

The fine specificities of the anti-digoxin antibodies 
from cell supcrnatants were determined by measuring 
the competition between digoxin and its analogs in an 
RIA as previously described (Mudgett-Hunter et a/., 
1983; Near ei at.. 1990, 1991). Briefly, 96-well plates 
previously coated with affinity-purified goat anti-mouse 
F(ab02 (ICN Immunobiologioals Inc., Lisle, IL) were 
incubated with transfectoma cell supernatants at 4°C 
overnight. The plates were washed and then dilutions 
of nonradioactive cardiac glycoside competitors 
(10- |0 -10" 4 M) in PBSA containing 1% horse serum and 
5% ethanol were added to the wells followed immedi- 
ately by 50.000 cpm of t ,w 0-digoxin (Cambridge Medical 
Diagnostics, Burlington, MA) added to the same wells. 
The competition mix was allowed to incubate at 4°C 
overnight Plates were then extensively rinsed and wells 
were counted (Micromedic Systems Automatic Gamma 
Counter, Model 4/6000, INC Biomedicals Inc, Costa 
Mesa, CA). For each antibody, ability of an analog to 
compete was determined by comparing the amount of un- 
labeled analog 1 required to achieve 50% inhibition rela- 
tive to the amount of unlabeled digoxin needed for 50% 
inhibition of [ 125 I]-digoxia binding. Antibody iflotypes 
were determined to confirm appropriate transf action and 
expression with the Mouse Ig Subtype Identification Kit 
(Bochringer Biochemicals, Indianapolis, IN). 



Computer -generated model 

Prior to commencing mutagenesis experiments, we 
constructed a imodcl of the Fv of 26-10, Briefly, the 



the cleft and their surface accessibility (Table 1). No 
attempts were made to use the 26-10 (jomputex model for 
detailed atomic interpretation of digoxin binding. Our 
previous work has shown (Bruccoieri et ah, 1988) that 
computer modeling, although often capable of reproduc- 
ing overall shapes of binding sites, is not accurate 
enough for such detailed studies. Therefore, the com- 
puter model was used solely to choose sites for mutage- 
nesis. Further refinements of this mbdel are underway 
and will be published in comparison with the X-ray 
structure in a later paper (Bruccoieri and Novotny, 
unpublished experiments); however, | further details of 
the computer model used In this work will be supplied 
upon request. Since the X-ray structure has been recently 
solved and will be published 'shortly (Sheriff and Jeffrey, 
personal communication), we discuss pany of the results 
in terms of structural correlates with tjbe cry stallo graphic 
structure (see Discussion). I 

RESULTS | 

Sites selected for mutagenesis ! 

A computer model was used to estimate which sites to 
subject to in vitro mutagenesis. The criteria used for the 
choice of mutated positions were location in the CDR 
regions, high surface accessibility and participation in a 
putative antigen-binding cleft. Figure il dhows the heavy 
and tight >chain 26-10 sequences and the residues chosen 
for mutagenesis. Table 1 shows the sjirface accessibility 
of the residues in the CDR areas as calculated from the 
computer model The computer model (Materials and 
Methods) predicted a cleft into which! the digoxin might 
closely fit. Although recent crystailographic data differ 
from the computer model in many respects (see Discus- 
sion), the model was still practicable jsinec many of the 
mutated sites contribute to antigen b; 
the crystal structure (Sheriff and Jel 
munication). Mutations were chosen 
three criteria with priority given to p| 
putative antigen-binding cleft. The m< 



ding as shown in 
. personal com- 
the basis of all 
oipation in the 
lei predicted that, 
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Table 1. Surface accessibility or CDR residues [A*1 D 




Heavy chain CDSLb 




CDR1 






















ASP31 


PHB32 


TYR33 


MET34 


ASN35 














49.0 


44.3 


81.2 


0.4 


3,0 














CDR2 






















TYR50 


ILB51 


SER52 


PR053 


TYR54 


SER55 


GLY56 


VAL57 


THR58 


GLY59 


32,2 


3.1 


6.1 


21.5 


127.5 


70.8 


87.5 


70.5 


39.0 




13.5 


TYR60 


ASN61 


GLU62 


LYS63 

mm m 


PHE64 


LYS65 


GLY66 










41.7 


21.4 


IV J. f 


5*1.0 


u.O 




If* K 










CDR3 






















SER99 


SER100 


m vim 


ACXJ1 fV5 




TU'DlrtA 
1 aJt1U4 


AT Ainc 




ASP1 


)7 


TVT> 1 Aft 


0.0 


22.9 




Oft *5 


30.1 


J 1*3 


/.J 


O.J 


10.6 




03.7 


Light chain CDRa 




















CDR1 






















ARG24 


SBR25 


SER26 


GLN27 


SBR28 


UBU29 


VAL30 


HIS31 


SBR32 




87.5 


1.4 


69.6 


106.9 


662 


0.1 


64.9 


51.4 


133.6 






ASN33 


GLY34 


ASN35 


THR36 


TYR37 


LEU38 


ASN39 










145.3 


43.9 


50.0 


11.1 


53.9 


1.8 


3 1 










CDR2 






















LYS55 


VAL56 


SER57 


ASN58 


ARG59 


PHE60 


SER61 










51.5 


102.0 


61.0 


113.0 


74.4 


50J 


93.3 










CDR3 






















SER94 


GLN95 


THR96 


THR97 


HIS98 


VAI99 


PROI00 


PROlOl 


THR1I02 




0.01 


0.04 


7.3 


27.8 


49.8 


65.4 


33.3 


6.9 


282 







"Surface aceacebility calculated in the computer program CONGEN (Bmeooleri and Kaxphia, 1987) 



fox L chain, L2 would not be involved, LI would be 
rninimally involved and L3 would form significant con- 
tacts with the hapten. For H chain, all three CDR areas 
would be involved with H2 and H3 being the primary 
contributors and HI a minimal contributor. Since pri- 
ority was given to residues that would be present in the 
putative cleft, some residues with high surface accessibil- 
ity were not mutated. Position L101P was mutated since 
we had data, indicating that this was one of the positions 
differing between antibody 26-10 and 40-100 responsible 
for much of .their binding differences (Near, unpublished 
experiments). These constraints limited the number of 
sites for mutagenesis to those shown in Fig. 1. Most 
mutations were of semi-conservative nature in order to 



produce a significant effect without producing global 
structural alterations. 

Genetic constructs express a 2&-\0\hiyiding site 

The genetic constructs that cxpjrcss 26-10 H and L 
chains are similar, though not identical, to those pre- 
viously described (Near et a/.. 1990). When the previous 
H and L chain constructs were botfc transfecied into the 
cell line J55BL (producing only I cfiain), they expressed 
an antibody with binding properties indistinguishable 
from that of the 26-10 antibod^ (produced by the 
original hybridoma). This experiment was repeated here 
with the present 26-10 H and L constructs (Materials 
and Methods). Tables 2 and 3 eho4 that the affinity and 
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Fjg. 1. Protein sequences and sites of mutagenesis for 26-10 H and L chain V regions. The 
is sequential from the start of the mature protein. The sequences have been previously 
(Near ct al f 1990). The CDR segments are shown and the sites of mutagenesis are noted 
- sequence, (a) Position H 50 mutation Y to H has been previously described (Schildbach ei 
(b) and (c) Positions L96 T:G and L101 P:L mutations will be detailed in another 

unpublished experiments). 
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Antibody Digoxigenln Dlgl toxin Digjioxingcain Qi toxin Acctyhrophanthidin Ouabain | Dihydrodigoxygenin 



26-10 
26-10 wt* 
Heavy chain 



1.1 
1.2 
mutants 



1.2 
2.1 



US 
2.7 



11 
6.4 



3.0 

2.2 



H32 F:l 
H33 Y:I 
H33 Y:F 
H50 Y:H d 
H103K:L 
H103 K:M 
HIM W:F 
H104W:S 
H104 W:H 
H104 W:N 



0,8 
0.6 
1.0 

1.2 
0.5 
1.0 
1,2 
1.2 
0.8 



1.6 1.5 8.6 3.0 . 

1.6 2.3 4.8 2.1 

1.6 2.1 3-0 1-8 

Significantly different fine specificity (see text) 

1.6 2,4 4.6 U 

2.7 1.6 5.2 2.3 
1.5 1-6 8.0 4.1 

1.0 1.0 9.8 1.7 

2.1 2.4 34 8^ 
1.7 1.2 15 2.9 



-47 
28 

58 

48 

18 
18 
57 
27 
56 
33 



323 
653 

490 
23 
230 

304 
102 
T85 
380 
255 
•584 



Light chain mutants 



L33 N:D 
L37 Y:l 
L37 Y:F 
L97T:5 
L97T:Y 
L98 H:W 
L99 V:T 
L96 T:C 
L101 P:L f 



0.8 
1.7 
0.8 
1.0 
1.8 
0.7 
1.2 



1.4 
0.8 
1.5 
1.5 
1.2 
1J 
1.4 



1.3 
1.0 
1.7 
1.2 
1.3 
0.8 
1.2 



3.7 
4.3 

4.3 
24 
19.2 
21.5 



1.6 
1-5 
1.9 
2.1 
0^ 
1.5 
2.7 



92 
14 

23 

H 

25 
25 



80 
61 
525 
213 
140 
72 
78 



Large differences in specificity and large affinity loss (see text) 
Large differences in specificity and large affinity loss (sec text) 



fl Concentration of inhibitor relative to digoxin yielding 50% inhibition of [» 35 I]-digaxin binding. The coricn of cold digoxin that 

inhibits at 50% was set at 1.0. j 
*26-10wt is the tfonafectomfl expressing both H and L 26-10 construota (see text). | 
Underscored numbers are specificities greater than two-fold different than unmutated 26-10. i 
■^Mutation H$0Y:H was previously published (Schildbach et a/., 1991). 

♦Mutations at L96 and L101 will be published later in relation to the differences berween antibody li^ht chains of 26-10 and 
40-100 (see text: Near, unpublished experiments). 



fine specificities of the new recombinant transferred 
antibody, 26-10 wt» again are experimentally indistin- 
guishable from the original 26-10 antibody. (The anti- 
body from > cell line 26-10 Hwt, containing the 26-10 
H construct transfected into J558L, does not bind 
digoxin.) 



Affect of mutagenesis on antigen sbectfictty 



> specificity profiles 



Table 2 shows the fine 
the ability of digoxin analogs to 
In a competitive RIA. Unmutated 
drodigoxigenin, containing an 



measured by 
cjompete with digoxin 
26-10 binds dihy- 
altet'cd lactone ring, with 



Table 3. Affinities of 26-10 mutants 



Heavy chain mutants 



Light chain mutants 



Antibody 



Affinity 15 



Antibody 



Affinity 



H32 F;l 
H33 Y:I 
H33 Y:F 
H50 Y;H* 
H103 K:L 
H103 K:M 
H104 W:F 
H104 W:S 
H104 W:H 
HI04 W:N 
Hybridoma 
Tranafcctoma 



4.8 (±1.5) X 10 9 
2.2 (±0.1) x 109 

1.6 (± 1.0) x 10* 

6.4 (±0.9) x 10 8 

3.7 (±0.8) x 10 9 

3.5 (±0.4) X 10" 
4.2(±0.5)xl0* 

2.9 (±0.3) x 10' 
^teO^xlO" 
8.2 (±0.4) x 10* 

26-10 
26-10 wt 



L33 N:D 
L37 Y:I 
L37 Y;F 
L97 T:S 
L97 T:Y 
L98 H:W 
L99 V:T 
L96T:G C 
L101 ?\U 

42 (±0.4) x 10' 
4.4(±0.4)xl0* 



2.8 (±0.4) X 10° 
2.0 (± 0.2) x 10* 
2.9(±0.8)xl0» 
6.0 (± 1.0) x 10 9 
L3(±0.2)x 10 9 
2.3 (±0.6) xW 
4.5 (±0,8) x 10 9 
Large affinity loss 
Large affinity loss 



The average intrinsic affinity constant (Kq, M" 1 ) and error were calculated 

according to the algorithm LIGAND (Materials and Methods). 
*H50 Y:H previously published (Schildbach et a/.. 1991). 
'Near, unpublished experiments. 
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at least 20-fold lower affinity relative to the other analogs 
tested on the same antibody, although there is some loss 
of binding ,to ouabain and aceryktrophanthidin which 
have substitutions on the P surface of steroid rings A and 
B. Many of the 26-10 mutations resulted in little effect 
on specificity as compared with unmutatcd 26-10 anti- 
body. In the cases where a mutation affects specificity, 
there is often, but not always, a concomitant change in 
affinity. The mutations affecting specificity result in 
changes of 'binding to dihydrodigoxigenin more often 
than to the' other analogs. Mutations at 10 of the 12 
positions selected in Fig. 1 result in antibodies that have 
altered lactone binding (Tabic 2). This effect is especially 
prevalent in L chain since all seven of the L chain 
positions mutated result in changes in lactone binding. 
The observation that binding to dihydrodigoxigenin is 
affected by mutagenesis more often than is binding to the 
other analogs that contain a normal lactone ring 
suggests that lactone participates in multiple or strong 
interactions with the 26-10 binding site. The other areas 
of the digoxin molecule may have fewer or weaker 
.interactions, consistent with the result that fewer mu- 
tations were able to alter binding to digoxin moieties 
other than factone. 

Unmutated 26-10 does not distinguish between con- 
geners with* and without (the "groins") the digitoxose 
groups (Table 2) (Mudgett-Hunter el al, 1985), 
suggesting that this end of the molecule participates 
minimally in binding. The mutant antibodies also show 
no sensitivity to the presence of the digitoxose sugars. 
Mutation H50Y:H shows some sensitivity to lactone 
ring substitutions, but more sensitivity to substitutions 
at the 12 and 16 positions (rings C and D) (Schildbach 
et a/., 1991). Mutation at positions L96T:G and 
L101P:L (which will be reported elsewhere in detail) 
show marked changes: The L101P:L mutation lowers 
digoxin affinity about 200-fold and the L96T:G mu- 
tation lowers binding by about 100-fold (Near, unpub- 
lished). Botlji of these L chain mutations show more than 
two orders-( >f-magnitude loss of sensitivity to the lactone 
substitution in dihydrodigoxigenin and much smaller 
changes in recognition of substitution at the 12 position. 
They show essentially no change of specificity for 
ouabain or acetylstrophanthidin, which contain substi- 
tutions on the p surface of steroid rings A and B, and 
no sensitivity to lack of sugar moieties* In summary, the 
results would be consistent with a binding pocket which 
binds lactone most strongly (possibly at the bottom of 
a pocket), binds the steroid nucleus with intermediate 
strength and does not bind sugar at all (possibly extend- 
ing out of a pocket). 

Affect of mutagenesis on antigen affinity 

Table 3 shows the affinity constants for the recombi- 
nant antibodies containing the mutations. Again, we find 
that most mutations have relatively little effect on 
affinity. However, mutations at six positions are note- 
worthy sinoe they produce significant loss of affinity 
(Tabic 3); H33Y:I, H50Y:H [a mutation previously 
described (Schildbach et af.',' 1991)], H104W (four mu- 



tations), L37Y:I, L96T:0 and U01P:L. The two mu- 
tations in L chain, L96T:G alnd L101P;L (Near, 
unpublished experiments)! actuall^ decrease affinity by 
about 100- and 200-fold, respectively, although some of 
this large magnitude of affinity losjs could be due to the 
non-conservative nature of these mutations. In all cases 
in which affinity is lowered by [mutagenesis there is 
also altered binding to dihydrodtgoxygenin; however, 
there are several cases where altered binding to dihy- 
drodigoxygenin docs not mean louver affinity. Since the 
loss of digoxin affinity in the mutated antibodies seems 
most often to be correlated with 'diminished ability to 
distinguish digoxin from the ladtone congener dihy- 
drodigoxigenin, the antibody may snugly fit around the 
lactone ring and/or have multiple lor strong interactions 
with the lactone ring. These interactions may be rela- 
tively more Important in determining affinity. We did not 
find any change in aglyconc binding associated with 
change in affinity, suggesting that j the sugar groups are 
not highly participating in the binding. 

Model for the bmding site 

We regarded the computer-build model of the binding 
site as approximate, and we limited its use to identifi- 
cation, as confirmed by mutagenesis, of the most promi- 
nent surface-exposed side chains in the CDR regions. 
Since digoxin contains a rigid steroid backbone com- 
posed of four fused, aliphatic cycUhexane rings in chair 
conformations and a planar lactope ring and since the 
binding constant is high [— ll.f kcal, calculated by 
AG-RT \nK (Novotny et «/ M il989)], we expected 
extensive surface binding contacts with most of the 
binding energy derived from hydrophobic effects and 
dispersion forces. The impact of] replacing a hapten* 
oontacting amino acid by mutagenesis was expected to 
be proportional to the difference ik surface areas of the 
two side chains, provided that no serious steric clash had 
been introduced into the mutant* Also, since each single 
side chain contributes but a fractioln of the total hapten- 
contacting surface (Table 1), molt single-residue mu- 
tations should have modest effects on the equilibrium 
binding constant The binding data have mostly born 
out the above assumption. The- exceptions are the 
L96T : G and L101P : L mutants which may be binding to 
the lactone via interactions other than hydrophobic 
bonds or may be changing the overall conformation of 
the binding site since these are non-conservative mu- 
tations (Near, unpublished experiments). For example, 
H104W has. in the crystal structure (Sheriff and Jeffrey, 
personal communication), some 78 A 2 of solvent- 
exposed surface (the computer model estimates 57 A 2 ) 
and, if all of this surface would l>e available to be in 
contact with the hapten, the side ctain would contribute 
some —2 kcal of binding energy, i.e. &17% total 
(Chothia, 1974; Novotny et c/., 1989). Indeed, when 
H104W is replaced by a smaller side chain' such as Ser, 
Asn, or His, the resulting bindirg energy differences 
(AAG) were in the range of 1-2 kcal (specifically 1, 1.8 
and 1.4 kcal, respectively). The mu agenesis results were 
also useful in suggesting the orientation of the hapten in 
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the binding ate. Since, in the mutated antibodies, the 
binding to the lactone ring is highly altered, binding to 
ihe steroid nucleus moderately affected, and binding to 
the sugar moietieB ie not affected (Table 2), a longitudi- 
nal cleft model does not readily concur with the data, 



the structure of 26-10 (Sheriff} and Jeffrey, personal 
communication), The crystallographic data show that 
digoxin does not lie in a groove, {but rather fits, lactone- 
end first, into a pocket with the sjugar moiety exposed to 
the solvent and not participating in the binding. In 



Rather, a binding pocket with lactone at the bottom, the general the mutagenesis results bre wmsistent with the 
Steroid nucleus & the center and the sugar group ex- crystallography data. Most of t^e re^duas predicted by 



truded out from the pocket would be favored, as seen in 
the crystallographic structure. 

DISCUSSION 

Digoxin, a cardiac glycoside, possesses soma relatively 
unique properties as a hapten since it is capable of 
occupying the entire antigen binding site (sec Introduc- 
tion), This way be reflected in the unusually high 
affinities of many monoclonal anti-digoxin antibodies 
(greater than IC/M for 26-10). One other hapten, fluor- 
escein, is of similar large size but is also highly aromatic 
The crystallographic struoture of antibody 4-4-20 that 
binds fluorescein with high affinity is known (Herron 
et aL, 1989). In this structure there are 68 pairwise 
atornic interactions of which 42 are associated with the 
xanthonyl group and 26 with the benzoyl group. This 
differs from the smaller haptens such as phosphoryl 
choline or arsenate that overall participate in less con* 
tact with, the surface of the binding site (Satow et al f 
1986; Rose er a/., 1990; Strong et a/., 1991). Hie authors 
have noted that the xanthonyl group is the immunodom- 
inant portion of this hapten. The xanthonyl ring is 
located deeper in the slot than the benzoyl group and has 
more interactions with the antibody. Further, it is noted 
that the fluorescein lies in a slot lined by residues of both 
the heavy and light chains. However, since fluorescein, 
unlike digoxin. is charged, the antibody residues are 
interacting in part with this charge as well as with 
aromatic interactions* Interestingly, the light chain of 
44-20 is highly homologous with the light chain (but not 
the H chain) of another anti-iluorescein antibody, 04-01, 
which binds fluorescein in a probable different binding 
sice and with different specificity properties (Bedzyk 
et <i/., 1989). Also, interestingly, the L chain of 26-10 is 
very homologous (94%) with the L chain of 4-4-20. This 
light chain is also homologous with that of four other 
anti-digoxin antibodies which also share homologous H 
chains, 40-20, 40-60, 40-90 and 40-100 (Hudson et fl/.. 
1990), It I is unknown whether this common light chain 
may have some selective advantage in binding to large, 
aromatic or hydrophobic haptens. 

The computer model of 26-10 suggested a cleft into 
which digoxin would fit. potentially interacting with the 
prominent exposed surface of residue H104W and the 
other residues indicated in Fig. 1. Many of the sites 



the computer model do participate in binding, although 
the topology of the binding cjeft in our model was 
different from that shown in the crystal structure. The 
crystal structure shows that position H104W interacts 
with rings B and C and the lactone ring, although the 
interaction with lactone is miniipl. The loss of affinity 
Upon mutation at this site ma| reflect change of the 
"smugness" of fit in the binding pocket (steric effects) as 
well as loss of interactions (mostly hydrophobic inter- 
actions). Since the binding is nit at the bottom of the 
pocket and the type of interactions arc not strong, this 
would be consistent with the data which shows that only 
about 10-fold affinity is lost ajid that the changes in 
specificity are not great (although there is some change 
in dihydrodigoxygenin binding). The binding of 
H104W:H shows significant loss of binding to gitoxin, 
an analog which has lost 12 hyjdroxy (ring C) and has 
gained 16 hydroxy (ring D). Tjhe mechanism for this 
altered specificity Is noi knowp, but consistent with 
HI 04 binding to the steroid iucleua. Position L37Y 
which affects specificity and affinity to about the same 
degree as H104. does not contact digoxin at all, but 
Stacks directly in back of H104W (Sheriff and Jeffrey, 
personal communication). Therefore, position L37Y 
supports the position of H104W itself; mutation here 
produces an affinity change as if position H104 was 
mutated. The crystal structure shows that positions 
L96T and L101; both bind direcjtly to the lactone ring at 
the bottom of the pocket and mutations here result in 
large changes in affinity and specificity (Near, unpub- 
lished experiments). Position H50Y binds to rings A, C 
and D, but not to lactone. Mutations at H50 show some 
alterations of specificity to the I lactone ring, but much 
more sensitivity to substitutions at the 12 and 16 pos- 
itions (rings C and D) and aboit 37-fold loss of afl&nity 
compared with unmutatcd 26-lj) (when affinity of 26-10 
and H50Y:H is measured by Schildbach in a different 
affinity assay) (Table 2) (Schilrjkch et aL 9 1991). 

Other mutations show significant alterations of lac- 
tone binding. Position H33Y interacts with rings A, B 
and D (and not directly with lactone), but mutation 
H33Y:I shows about a 20-fol|i loss of ability to dis- 
tinguish dihydrodigoxigenen t^om digoxin. Mutations 
L33N:D (which shows no loss of affinity), L37Y:I, 
L97T:Y, L98H;W, L99V:T, lJ96T:Gand L101P;Lall 
significantly lessen the ability of 26-10 to distinguish 



selected for mutagenesis (including the H104W mutants) dihydrodigoxigenin from digoxin. The contribution of L 

resulted :in significant binding changes, although of chain, especially LCDR3, to actc^c binding is quite 

lower magnitude than wc had predicted. Since most of prominent. In addition to vat der Waal interaction^ 

the binding changes are not of large magnitude, much hydrogen bonding and electros atic interactions may be 

of the overall high affinity of 26-10 may be from the involved with lactone ring binding, 

accumulation of many "weak" interactions. Recently There are mutations that resjult in no loss of affinity, 

crystallographic data has become available depicting The sites of these mutations tlpat arc non-conservative 
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and that result in no change of affinity are not 
contact residues. The mutations at contact residues that 
a result in no; change of affinity are very conservative 
mutations. The crystal structure shows only three other 
residues, H35N, HI 05 A and H106M that participate 
in binding (mostly to lactone) that are not predicted 
by the computer model binding site and were not 
mutated. 

The mechanism of digoxin binding to the other mono- 
clonal anti-digoxin antibodies is not yet known* Prelimi- 
nary experiments measuring specificity of at least one 
other anti-digoxin antibody, 40-100, show significant, 
but relatively less ability of this antibody, as compared 
with 26-10. to distinguish dihydrodigoxigenin from 
digoxin (Near, unpublished experiments), This suggests 
that 40-100 has a weaker, but still significant, interaction 
with the lactone ring (Near, unpublished). Antibody 
40-100 is. however, highly affected by substitutions on 
the steroid nucleus and by removal of the sugar moieties 
(Mudgett-Hunter et al^ 1985; Near, 1990 and unpub- 
lished data). The binding properties of 40-100 would be 
consistent with a binding site composed of a slot into 
which digoxin would fit lengthwise, without lactone as 
the dominant moiety for detennining overall binding 
strength. This antibody shares great L chain homology 
with 26-10 (only differing at eight amino acids, three of 
which are in] CDR segments at L39. L96 and L101) 
(Hudson et al., 1990). Therefore, we hypothesize that L 
chain positions L39, L96 and L101 are important in 
determining the shape and interactions of the binding 
site, especially in the area where lactone binding is 
involved. Preliminary mutagenesis at these positions in 
the context of both the 26-10 and 40*100 H chains (by 
transfection experiments) strongly support this (Near, 
unpublished experiments). A different antibody. 40-120, 
behaves more like 26-10, with the specificity of diby- 
drodigoxigenin relative to digoxin showing about 1500- 
fold lower binding, but it is more affected by steroid 
substitutions and loss of sugars than is 26-10 (Mudgett- 
Hunter et a/,, 1985; Near et <z/., 1991; Near, unpublished 
experiments). The 40-120 binding site could be inter- 
mediate between that of 26-10 and 40-100, involving a 
deeper slantecj slot or a slanted pocket. The contribution 
of lactone to the binding of the other available mono- 
clonal antibodies has not been investigated, but the 
specificity results indicate that there may be four or five 
different kinds of digoxin binding sites (Mudgett-Hunter 
et al. t 1985; Near et al t 1991; Near, unpublished). These 
observations would not be consistent with lactone being 
an "immunodonunant'' portion of digoxin in terms of 
producing large populations of antibodies that interact 
most strongly with the lactone moiety of digoxin. 
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Combinatorial alanine scanning mutagenesis is a 
powerful tool for the exploration of protein structure- 
function relationships. Unfortunately, combinatorial 
alanine replacement of multiple residues using stan- 
dard site-directed mutagenesis is restricted to a subset 
of amino acids. To circumvent this limitation, an effi- 
cient procedure for combinatorial site-specific re- 
placement by alanine of any residue in a given protein 
sequence has been established. The method, which in- 
volves simple procedures and commonly used materi- 
als, is based upon the use of codon-based mutagenesis. 
A defined ratio of alanine to wild-type codon was intro- 
duced at each predetermined triplet using the "col* 
limit-splitting" technique during oligonucleotide syn- 
thesis. High-throughput genetic screening of mutant 
libraries was facilitated by the incorporation of diag- 
nostic restriction sites at targeted codons followed by 
a PC R- based screening procedure. The method was 
tested on a set of 13 residues located at the interface 
between the variable domains of a Fab fragment of an 
antibody. The occurrence of alanine substitutions was 
found to be comparable to the statistically predicted 

distribution. £> 1905 Academic Press, Inc. 



Site-directed mutagenesis has proven to be an in- 
valuable tool for the analysis of protein structure -func- 
tion relationships. A variety of strategies have been 
developed to mutate a specific amino acid or group of 
residues at predetermined sites in protein sequences 
(1,2). The importance of amino acid side chains on spe- 
cific protein functions has often been established by 

1 To whom correspondence should be addressed at present address: 
Institut de Biologic Structurale, 41 avenue des Martyrs, 38027 Gre- 
noble Cedex 1, France. Fax; (33) 76.88.54.94. E-mail; vernet@ibs.fr. 



alanine scanning mutagenesis where targeted residues 
are systematically replaced by alanine (3). Indeed, in- 
corporation of the chemically simple methyl group of 
alanine eliminates a residue's side chain, while lim- 
iting structural perturbations due to steric hindrance 
effects (4,5). 

Sequential replacement by alanine has been used to 
explore protein-interacting surfaces (6), protein-DNA 
binding activity (7) f and the mechanism of enzymes 
(8,9), As an extension of sequential alanine scanning, 
multiple replacement of sets of residues by alanine is 
a powerful way to probe subtle relationships between 
residues in proteins (10). For such purpose, the combi- 
natorial mutagenesis technique provides an efficient 
way to investigate the effects of a given mutation in 
the context of other mutations (11,12). 

To study the role of framework residues located at 
the interface between the variable domains of the 
heavy (VH) and light (VL) chains of an Fab, 2 we consid- 
ered the consequences of their combinatorial replace- 
ment by alanine. This approach required (i) the re- 
placement of each targeted sites by alanine excluding 
any other side chains, (ii) a given probability of alanine 
substitution at each targeted site, and (iii) alanine re- 
placement at targeted sites independent from each 
other. Unfortunately, combinatorial replacement of 
multiple amino acids by alanine using standard site- 
directed mutagenesis of individual nucleotides is re- 
stricted to seven amino acids (Asp, Glu, Gly, Pro, Ser, 
Thr, and Val) (11). Moreover, multiple nucleotide re- 
placements by in vitro saturation mutagenesis would 
result in the incorporation of side chains other than 
alanine (13-15). 



2 Abbreviations used: Fab, antibody fragment; oligo, oligonucleo- 
tide; ssDNA, single-stranded DNA. 
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To circumvent the limitations of previous methods, 
we applied a codon-based mutagenesis approach to 
combinatorial alanine scanning mutagenesis. Codon- 
based mutagenesis allows the selective substitution of 
any target amino acid since entire nucleotide triplets 
are replaced. The probability of amino acid replace- 
ment at predefined sites depends upon the ratio of mu- 
tant to wild-type codon incorporated during the oligo 
synthesis. Two different strategies have been pub- 
lished for codon-based mutagenesis using synthetic 
oligos. The first strategy is based upon the incorpora- 
tion of preexisting triplets of nucleotides during oligo 
synthesis. However, the synthesis yield reported to 
date is still too low for applications requiring large 
oligos, i.e., oligos incorporating multiple mutagenic co- 
dons (16). The second approach, the column-splitting 
synthesis technique, relies upon standard synthetic 
DNA chemistry. The incorporation of entire codons at 
mutation sites is performed on two separate columns 
(17-19). The mutation frequency is controlled by the 
ratio of solid support split between the mutant and the 
wild-type columns. 

In this paper we have applied the codon-based muta- 
genesis procedure using synthetic oligos obtained by 
the column-splitting technique to combinatorial ala- 
nine scanning mutagenesis. The method was tested on 
a set of residues of Fab 57P (unpublished results). The 
resulting libraries of Escherichia coli clones have been 
screened using a rapid PCR-based strategy. The proce- 
dure has provided an efficient way of generating repre- 
sentative repertoires of mutants among which distribu- 
tion of multiple mutants can be predicted using a 
statistical procedure. 

MATERIALS AND METHODS 

Construction of Plasmid pJC 57P 

DNA manipulations and analysis were carried out 
essentially using standard protocols (20). Restriction 
endonucleases and DNA-modifying enzymes were pur- 
chased from Bethesda Research Laboratories, Boeh- 
ringer- Mannheim, New England Biolabs, and Phar- 
macia LKB Biotechnology Inc. The expression plasmid 
pJC 57P used in this study (Fig. 1A) derives from 
phagemid pHL 57P which encodes the heavy truncated 
Fd (VH-CH1) and the light k (VL-Ck) regions of Fab 
57P fragment (unpublished results). pJC 57P was con- 
structed by replacing the 51-base pairs (bp) Spel/EcoRl 
DNA fragment of pHL 57P with a synthetic DNA cas- 
sette consisting of two oligos, 5'-CTAGTGAACAAA- 
AACTGATATCAGAAGAGGATCTGAGATCTCATC- 
ACCATCACCATCACTAATAGG-3 ' and 5'-AATTCCT- 
ATTAGTGATGGTGATGGTGATGAGACTCAGATC- 
CTCTTCTGATATCAGTTTTTGTTAC-3 The cassette 
encodes a 10-amino acid peptide of the human c-myc 
protein (21) fused via a 2-amino acid spacer with six 



histidine residues (22) and creates a recognition site for 
the restriction enzymes JEcoRV (underlined) and Bglll 
(bold characters). Both Spel and EcoRl cloning sites 
were regenerated by the insertion of the synthetic DNA 
cassette. Plasmid modification was verified by restric- 
tion enzyme mapping and by DNA sequencing using 
the T7 DNA polymerase (Pharmacia LKB Biotechnol- 
ogy Inc.) and primer 5'-CAGCTCAGTGACTGTCC-3'. 

Selection of Fab 57P Residues for Mutagenesis 

Residues that are likely to be in contact across the 
interface between the VH and the VL domains of Fab 
57P were identified by an analysis of conserved interdo- 
main contacts in IgG Fabs of known crystallographic 
structure (unpublished results). Seven VH and six VL 
residues of Fab 57P were selected for mutagenesis. 

Synthesis of Oligodeoxyribonucleotides 

All oligos were synthesized using standard cyanoe- 
thyl phosphoramidite chemistry on an Applied Biosys- 
tems Model 394 DNA synthesizer. As an example, the 
synthesis scheme for the mutagenic oligo JCo4 is illus- 
trated in Fig. 2. At the targeted codon, the column was 
dismantled and the solid support was split into two 
portions that were repacked into two columns desig- 
nated as the mutant and the wild-type columns corre- 
sponding to 25 and 75% of the initial volume of resin, 
respectively. The next three synthesis cycles allowed 
for the incorporation of an alanine codon in the former 
column and of the wild-type codon in the latter column. 
The contents of the two columns were then combined 
together and the oligos extended to the next targeted 
site where the column was split again. The synthesis 
results in a population of mutagenic oligonucleotides 
that will be hereafter referred to as mutagenic oligos. 

The scale of the synthesis for the mutagenic oligos 
was increased from the usual amount of 40 nmol to 80 
nmol to compensate for the inevitable handling losses 
involved in splitting and reuniting the column con- 
tents. Before each transfer, the synthesis solid support 
(polystyrene based; Applied Biosystems) was dried for 
5 min using a gentle flow of nitrogen gas while still in 
the synthesis column(s). The splitting was performed 
on a volumetric basis by pouring the dried solid support 
into a narrow plastic tube, tapping the tube on a solid 
surface to ensure even packing, and measuring off one- 
quarter of the length of the tube. This procedure 
avoided weighing the very light, electrostatic polysty- 
rene solid support powder, thus reducing losses. A 
larger than usual excess of reagents was used, i.e., the 
synthesis was run with the 200 nmol synthesis cycle 
to ensure a better yield. 

To prevent bias against mutated triplets in the 5' 
portion of the oligos due to products of lower chain 
length in the resulting oligo populations, the mutagenic 



284 



CHATELLIER ET AL. 



oligos were purified by 15% polyacrylamide/8 M urea 
PAGE followed by a Sep Pak C18 column (Waters Asso- 
ciates) as previously described (23). Oligo primers for 
PCR and DNA sequencing were purified by chromatog- 
raphy on a Sep Pak C18 column. The oligo concen- 
trations were determined by absorbance readings at 
260 nm. 

In Vitro Site-Directed Mutagenesis 

The reagents used for mutagenesis were pur- 
chased from Bio-Rad and Pharmacia LKB Biotech- 
nology Inc. In vitro site-directed mutagenesis (24) 
reactions were performed using uracil-containing 
ssDNA (25) obtained by infection with the helper 
phage M13K07 (26) of E. coli strain CJ236 (Bio- 
Rad) harboring pJC 57P. The four mutagenic oligo- 
nucleotides used in this study are depicted in Fig. 
IB. The four single-oligo mutant libraries, hereafter 
referred to JCol, JCo2, JCo3, and JCo4 libraries, 
were constructed using one mutagenic oligo (Figs. 
1A and IB). An equimolar mixture of two mutagenic 
oligos was used to create two double-oligo mutant 
libraries, hereafter referred to JCol + JCo2 and 
JCo3 + JCo4 libraries (Figs. 1A and IB). Two pico- 
moles of mutagenic oligo phosphorylated at the 5' 
terminus using T4 polynucleotide kinase (New En- 
gland Biolabs) was annealed to 0.2 pmol of the 
ssDNA template in a final volume of 20 //l of 20 mM 
Tris-HCl, pH 7.4, 2 mM MgCl 2 , and 50 mM NaCl by 
incubating at 70°C for 5 min, at 56°C for 20 min, at 
37°C for 20 min, and on ice for a minimum of 5 min. 
Two microliters of 250 mM Tris-HCl, pH 8.0, 50 mM 
MgCl 2 , 350 mM NaCl, 15 mM dithiothreitol, 7.5 mM 
ATP, and 4 mM each of dATP, dCTP, dGTP, and 
dTTP was then added to 10 fj\ of the annealing mix- 
ture. Complementary strand DNA synthesis was 
performed in the presence of 3 units of T4 DNA poly- 
merase, 3.5 units of T4 DNA ligase, and 1 unit of T4 
protein gene 32 by incubation on ice for 5 min, at 
room temperature for 5 min, and at 37°C for 90 min. 
The reaction was stopped by heating to 65°C for 
20 min. 

Preparation of E> coli competent cells and trans- 
formation reactions were performed as previously 
described (27). One-half of the final volume of the in 
vitro mutagenesis mixtures was used to transform 
150 pi of competent BMH 71-18 £. coli {duf , ung + ) 
cells (28). pJC 57P supercoiled DNA (100 ng) was 
transformed in parallel as control. Transformants 
were isolated onto ampicillin-selective LB-agar me- 
dium (20). 

Library Screening by PCR and Restriction Analysis 

Individual bacterial transformants were trans- 
ferred with a sterile toothpick into a PCR mixture 



consisting of 75 pmol of each primer in 60 ^M dNTPs, 
10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl 2 , and 50 mM 
KC1 and 2 units of Taq DNA polymerase (Boeh- 
ringer-Mannheim) for a final volume of 75 fx\. The 
mixture was then incubated for 3 min at 94°C to 
lyse the cells and subjected to 25 thermocycles of 
amplification (29) in a TwinBlock System (Easy- 
Cycler Series, Ericomp Inc.) as follows: 1 min at 94°C 
to denature the template DNA, 1 min at 62°C for 
primer annealing, and 2 min at 72°C for DNA exten- 
sion. PCR synthesis of H chain libraries was 
achieved using H/br primer 5 ' - GGTG AAACTGCTz 
CGAGTCTGG-3 ' in combination with Hrev primer 
5'-CAGTTTTTGTTCACTAGTACAATCC-3 ' (Fig. 
IB). These primers contain anXhol and Spel restric- 
tion site (underlined), respectively. The L chain li- 
braries were amplified using Lfor primer 5'-CCA- 
TGGCC GAGCTC GTGATGACC-3 ' with Lreu primer 
5'-GCTTAAC TCTAGA ATTAACACTCATTCC-3' 
(Fig. 1A). These primers contain an Sad and Xbal 
restriction site (underlined), respectively. 

A 10-pl aliquot of the PCR reactions was incu- 
bated for 2 h at optimal temperature in 96-well 
plates (Nunc) with 2.5 units of the appropriate re- 
striction enzymes in a final volume of 30 u\ of the 
reaction buffer supplied by the manufacturers and 
analyzed by agarose gel electrophoresis (20). The 
regions surrounding the mutagenic windows were 
sequenced (30) to ensure that no alterations other 
than the desired mutations were introduced into the 
target sequences. The sequence of mutants resulting 
from H chain libraries was obtained with primers 
5' VH 5' -GAGCTGATGAAGCCTGG-3 ' and/or 3' VH 
5'-GCCAGTGGATAGACAGATGG-3 ' derived from 
sequences 5 f and 3' to the Fd coding region, respec- 
tively. Mutants arising from L chain libraries were 
sequenced using primers 5' VL 5'-CTCGTGATG- 
ACCCAGAC-3' and/or 3' VL 5'-GCACACGACTGA- 
GGCAC-3 ' derived from sequences 5' and 3 ' to the 
k coding region, respectively. 

Mutation Frequency and Library Size 

The probability F, of occurrence of i multiple mutants 
is given by the classical binomial distribution 

Ft = [n\/i\(n - i)!]p'U - pT~\ [1] 

where n is the total number of targeted sites and p is 
the ratio of alanine to wild-type codon at each targeted 
triplet. The calculation is based on the assumption that 
each site is mutated independently from other sites 
with an equal probability p of mutation. This will be 
verified if (i) the solid support is accurately split during 
synthesis, i.e., alanine replacement occurs at a prede- 
termined ratio; (ii) alanine codons are equally incorpo- 
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JCol JCo2 



Spel Sac I 

EC9RI uljCo3 iCo4 



Xba 1 



VH 



CHI 



LacZ 



tag 



VL 



Ck 



Hrev 



B 



JCol 



V37A Q39A G44AL45A 

GTA CAG GGC JJQ 

5'-CATATTCAGTAGTTACTGGATAGAGTGG AAQ CGC CC£GGQC AT 

G£2 G£G 5mal G£A GCC 
GCTAAGC ATGCA T 

Bpu\\02\ 



GAGTGGATTGGAGAG-3" 



GCGCGC 
BjsHU 



GGC GCC 
Nar\ 



Y91A W103AG104A 
TAC TGG GGC 

5'-CTGACATCTGAGGACTCTGCCGTCTAT TGgGGGACCACGG GIACflTA C CAAGGCACTCAGGTCAC-3' 

GCA SnaB\ Q£L G£C 

GCATGC T GGC CA 

Sphfl Eae\ 

GG GCCC 
Apa I 



JCo2 



L36A 

TTG 



L38A 

CTG 



S-GAAAGTGATGGAAAGACATATTTGAATTGG CTA CGGCCOGGCCAG 

JCo3 ^ ^ 



S43A P44A 

AGC CCA 

AAGCGCCTAATCTATC-3' 



£ag\ 



GGGCCC 
Apa I 

GCTAGC 



Nhel 



GCG fid 
GGCG CC 

AGC GCT 
£co47M 



Y87A 
TAT 

5 '-GTGG AGGCTG AGG ATTTGGG AGTTTAT TGCTGG C A AGGTACCC ATTTTCCGTGG ACG 

CCA Kpn\ G£C 

GCATGC CGGCCG 
Sphll Eag I 



F98A 

TTC 

GGTGGAGGGACCAAG-3' 



JCo4 



FIG. 1. (A) Schematic location of mutagenic oligoa and PCR primers relative to pJC 57P template. Synthetic mutagenic oligos and PCR 
primers are indicated by dashes and arrows, respectively. Unique restriction sites are indicated. LacZ, /?-galactosidase promoter; PelB, 
signal peptide sequence of bacterial pectate lyase (32); VH-CH1 and VL-Ck, Fd heavy and k light coding regions of Fab 57P t respectively; 
tag, c-myc peptide and (His6) immunodetection and purification tag, respectively. (B) Design of mutagenic oligos used in this study. The 
denomination of the mutagenic oligos is given in the left margin. The numbering of amino acid residues follows the convention of Kabat et 
ai (33). Each targeted amino acid is referred to by the nature and position of the change (e.g., V37A referring to the substitution of Val 
37 by Ala). Silent diagnostic restriction sites involving alanine codons (bold characters) generated by the mutagenesis are indicated below 
the corresponding targeted positions. The centrally located restriction sites diagnostic of mutagenesis efficiency are shown. The mismatches 
leading to the creation of endonuclease recognition sequences are underlined. 



rated at each mutated position; (iii) the efficiency of in and propagated with equal efficiency in E, coli host 
vitro mutation is equivalent for all oligos present in cells. 

the final population; and (iv) plasmids are transformed The minimum number N of individual colonies re- 
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quired for screening to obtain all possible combinations 
of alanine replacement with a high degree of certainty 
is given by 

N = [1/(F(1/M))]ln[l/(1 - A)], [2] 

where F is the frequency of occurrence of the mutation 
corresponding to all targeted sites of the library substi- 
tuted by alanine, M is the efficiency of mutagenesis, 
and A is the degree of certainty. 

RESULTS AND DISCUSSION 

Mutagenic Oligonucleotide Design and Synthesis 

The 13 residues at the VH-VL interface of Fab 57P 
selected for alanine replacement mutagenesis define 
four different clusters each of a size compatible with 
oligo synthesis. The four mutagenic oligos include fea- 
tures designed to improve the efficiency of in vitro mu- 
tagenesis and to facilitate the screening of mutant li- 
braries (Fig. IB). First, to reduce strand displacement 
during enzymatic extension and ligation, the 5' se- 
quence upstream of the first mutagenic site was length- 
ened to 27 nucleotides against 15 bases at the 3' end. 
Second, each mutagenic oligo contains different silent 
restriction endonuclease cleavage sites: (i) one cen- 
trally located for the evaluation of in vitro mutagenesis 
efficiency and (ii) one at each mutated position to facili- 
tate the screening of mutant libraries, taking advan- 
tage of the fact that all four alanine codons are found 
in highly expressed E. coli genes (31). Most of the silent 
diagnostic sites were chosen to be unique within the 
PCR-amplified fragment used for diagnostic purposes. 
This approach is applicable to virtually any target DNA 
sequence, since restriction sites involving alanine co- 
dons recognized by commercially available enzymes are 
numerous (Table 1). 

A population of oligos harboring at each selected po- 
sition either alanine or the wild-type codon in a prede- 
fined ratio was synthesized by the column-splitting 
technique (17-19). The frequency of alanine replace- 
ment at each targeted site is controlled by the ratio of 
solid support split between the mutant and the wild- 
type columns. The expected frequency of occurrence of 
each oligo present in the final population (Fig. 2) can 
be calculated from this ratio using Eq. [1] (Materials 
and Methods). A ratio of alanine to wild-type codon 
of 25% was chosen to provide a balanced distribution 
between the restoration of wild-type sequences (i = 0, 
Eq. [1]) and the generation of single or multiple alanine 
mutants (i > 0). As the total number of mutant sites 
increases, the proportion of wild- type sequences will 
drop. For instance, with 7 target positions, the JCol + 
JCo2 library has a 0.13 theoretical frequency of wild- 
type sequences, whereas this proportion will be 0.02 
for all 13 targeted site libraries. 



TABLE i 



Restriction Sites (Six Bases) Available Containing 
Alanine Codons 





1. GCNNNN 


Mlu\ 


A/CGCGT 


Sphl 


GCATG/C 


SacU 


CCGC/GC 


Nael 


GCC/GGC 


BssHU 


G/CGCGC 


BssHU 


G/CGCGC 


Nrul 


TCG/CGA 


Nhel 


G/CTAGC 


Hindlll 


A/AGCTT 






Pvull 


CAG/CTG 




2. NGCNNN 


Sad 


GAGCT/C 


£co471II 


AGC/GCT 






Narl 


GG/CGCC 


4. NNNGCN 


Fspl 


TGC/GCA 


Fsp\ 


TGC/GCA 






Narl 


GG/CGCC 




3. NNGCNN 


£co471II 


AGC/GCT 


Pst\ 


CTGCA/G 






ApaU 


G/TGCAC 


5. NNNNGC 


Nsil 


ATGCA/T 


Nhel 


G/CTAGC 


Eael 


Y/GGCCR (Y = C or T; R = A or Gf 


BssHU 


G/CGCGC 


Eag\ 


C/GGCCG 


Sphl 


GCATG/C 


Stul 


AGG/CCT 


Nael 


GCC/GGC 


Apal 


GGGCC/C 






Mscl 


TGG/CCA 







Note. The nucleotides in the recognition sequence that correspond 
to the alanine codons are shown in bold characters. N represents 
any of the four bases. 



Construction and PCR-Based Screening of Mutant 
Libraries 

One single mutagenic oligo was used to modify by in 
vitro mutagenesis various target amino acid positions 
close in the primary sequence of the protein, reducing 
efforts in the mutagenesis experiment and cost for 
DNA synthesis. Positions that are remote from each 
other were mutated by a mixture of different single 
mutagenic oligos (Figs. 1A and IB). The number of 
mutated positions can also be modulated by recombin- 
ing various libraries using the unique cloning sites of 
the H and L chains (Fig. 1A). About 2 x 10 4 BMH 71- 
18 transformants were obtained for the four single- 
oligo and the two double-oligo libraries. Between 5 and 
10 transformants were observed in the absence of 
primer, indicating that the template itself contributes 
minimally to the background. 

Transformants were tested by restriction analysis of 
PCR-amplified DNA fragments. The yield of incorpora- 
tion of mutagenic oligos was first determined using the 
centrally located diagnostic restriction site (Fig. IB), 
indicating the efficiency of mutagenesis. In a second 
step, individual alanine replacements were identified 
by their corresponding restriction diagnostic sites (Fig. 
IB). As an example, the restriction patterns of PCR 
products from three different clones (a, b, and c) arising 
from JCol library analyzed by gel electrophoresis are 
given in Fig. 3. The incorporation of JCol mutagenic 
oligo in all three clones is demonstrated by the shift in 
size compared to the control after digestion by Smal 
(Fig. 3, lanes 3-6). The various patterns of fragments 
clearly indicate the presence or the absence of an ala- 
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5-GGTGGAGGGACCAAG-Rcsin 




i 



(75%) S'-TTCGOTCGAGGGACCAAG-Rcsin 



5'GCCGGTGGAGGGACCAAG-Resin (25%) 




5-TGCTGGCAAGGTACCCATTTTCCGTGGACGTTCGGTGGAGGGACCAAG-Resin 
5'-TGCrGGCAAGGTACCCATTTTCCGTGGACGGCCGGTGGAGGGACCAAG*Resin 



S-TATTGCTGGCAACKjTACCCATTTTCCGTGGACGTTCGGTGGAGGGACCAAG-Rc&in 
(75%) j^j^yi-QCTGGCAAGGTACCCATTTTCCGTGGACGGCCGGTGGAGGGACCAAG-Resin 




S'-GCATGCTGGCAAGGTACCCATTTTCCGTGGACGTTCGGTGCAGGGACCAAG-Resin 
5'-GCATGCTGGCAAGGTACCCATTTTCCGTGGACGGCCGGTGGAGGGACCAAG-Rcsin 



(25%) 



Resulting 
mutagenic 
JCo4 oligo 
population 



Mix 



Final population after deblocking : 

(0.56) S'-GTGGAGGCTGAGGATTTGGGAGTTTATTATTGCTG 



(0.38) 



5'-GTGGAGGCTCAGGATTTGGGAGTTTATTATTGCTGGCAAGGTACC^ 

5'-GTGGAGGCTGAGGATTTGGGAGTTTATGCATGCTGGCAAGGTACCCATTTTCCGTGGACGTTCGGTGGAC^ 



- (0.06) 5'<rrGGAGGCTCAGGATTTGGGAGTTTATGCATGCTGGCAAGGTACCCATTTTCCGTGGACGGCCGGTC 



FIG. 2. Synthesis of mutagenic oligos using the column -splitting technique. The synthesis of JCo4 mutagenic oligo (Fig. IB) is given as 
an example. At a codon -targeted position, the column was dismantled and the solid support was split into two portions (%) that were 
repacked into the mutant and the wild-type columns. On the mutant column, three rounds of synthesis were performed with nucleotide 
precursors of alanine codon (bold characters), whereas the wild-type column was subjected to three synthetic cycles with the wild- type 
nucleotide precursors (underlined). After synthesis of each codon the two columns were combined together, and the process was repeated 
for the subsequent codon to be mutated. Expected frequency (see Eq. [II; Materials and Methods) of each mutagenic oligo in the final 
population is given (within parentheses) to the left of the sequences. 



nine at a given site. Clone a possesses an alanine at 
position 37 (digested by Bpull02 I; Fig. 3 A, lane 10) 
and at position 45 (digested by Narl; Fig. 3B, lane 10) 
but has wild-type amino acids at positions 39 and 44 
as revealed by the absence of BssHII (Fig. 3B, lane 2) 
andNsil (Fig. 3B, lane 5) restriction sites, respectively. 
A similar analysis shows that residues Gln39 and 
Leu45 of clone b are substituted by alanine and that 
clone c is mutated at positions 39 and 44. However, 
double mutations at consecutive targeted sites cannot 
be identified unambiguously, due to the overlap of re- 
striction site sequences. As an example, the Gln44Ala- 
Leu45Ala double mutant does not contain Nsil or Narl 
diagnostic sites (Fig. IB), These ambiguities were re- 
moved by systematic DNA sequencing of negative 
clones for consecutive mutation sites. 



Mutation Frequency and Distribution 

Approximately 100 clones randomly selected in each 
library were screened by the PCR-based procedure. As 
shown in Fig. 4, the efficiency of in vitro mutagenesis 
in the four single-oligo libraries ranges from 58 to 84%. 
These values are comparable to those previously re- 
ported for single-base substitutions (25). This yield de- 
creases when the total number of target positions in- 
creases, presumably due to the higher number of 
nucleotide mismatches involved. In JCol + JCo2 and 
JCo3 + JCo4 double-oligo libraries, the efficiency of 
double mutagenesis was lower (21 and 50%, respec- 
tively), with a three times higher incorporation effi- 
ciency of the oligo at the 3 ' end of the pair compared 
to that at the 5' end. 
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The observed occurrence of mutant combinations for 
the four single-oligo libraries is given in Table 2. Each 
targeted site was found to be mutated. Multiple mu- 
tants with a low probability of occurrence were not 
observed because of the limited number of clones ana- 
lyzed. The frequency of alanine to wild-type amino acid 
replacement at each targeted site calculated from these 
data (Fig. 4) ranges from 10 to 29%, encompassing the 
25% expected frequency. The average frequency over 
the 13 sites is 19%. These values are not correlated 
with the number of mismatches at a given position. 
For instance, with two mismatches, position 44 of oligo 
JCo3 is replaced in only 10% of the clones, whereas 
position 103 of oligo JCo2 with three mismatches is 
replaced in 26% of the clones tested (Figs. IB and Fig. 
4). Neither the number of mutation sites nor their posi- 
tion within the mutagenic oligos had an obvious influ- 

123456789 10 
1636 - [^^HHHh^HB 

506, 517 - ^H^K|E|@^X9B^9^B 



B 

1636 — 
1018- 



506,517 — 
220- 




FIG. 3. PCR-based colony-screening procedure. Ethidium bromide- 
stained agarose ( 1 .5<ft ) gel electrophoresis of restriction digests of 
PCR products. PCR-based analysis of three different clones (a, b, 
and c) from JCol library (Fig. 1) as an example is shown. Amplifica- 
tion was performed using primers H/br and Hrev (Materials and 
Methods) and the resulting PCR products were digested with the 
appropriate restriction enzymes prior to electrophoresis. (A) PCR 
reaction with a control E. coli BMH 71-18 clone (lane 2}; Smal digests 
I lanes 3-6); Bpu 11021 digests (lanes 7-10); digestion analysis of the 
control fragment obtained by PCR amplification of E, coli BMH 71- 
18 clone harboring pJC 57P plasmid (lanes 3 and 7); digestion analy- 
sis of clones a (lanes 4 and 10), b { lanes 5 and 9), and c (lanes 6 and 
8). <B> BssHll digest (lanes 2-4); Nsil digests (lanes 5-7); Narl 
digests (lanes 8-10); digestion analysis of clones a (lanes 2, 5, and 
8), b (lanes 3, 6, and 9), and c flanes 4, 7, and 10). The size reduction 
of the DNA fragment following digestion is diagnostic for alanine 
substitution at the target position. DNA molecular weight markers 
are l-kb ladders (BRL; lane 1). The sizes of marker DNA fragments 
are listed in the left margin. 
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FIG. 4. Experimental frequencies of in vitro mutagenesis. Libraries 
are listed in the left, margin. The percentage of mutagenic oligo incor- 
poration was determined from approximately 100 clones randomly 
selected in each library and screened by the PCR-based procedure. 
The efficiency of mutagenesis is indicated below the centrally located 
restriction site. The yields of alanine incorporation derived from data 
presented in Table 2 are given above the corresponding targeted 
positions. 



ence on the level of alanine substitution. The reasons 
why the efficiency of alanine replacement varies re- 
main unclear and may be related either to bias during 
the oligo synthesis and/or to variation in the efficiency 
of incorporation of each oligo present in the final popu- 
lation during the in vitro mutagenesis. Alternatively, 
some mutants may be selected against in E. coli. 

Theoretical and experimental distributions of the oc- 
currence of multiple mutants are compared in Table 3. 
As expected, the best match between theoretical and 
experimental values is obtained for libraries with an 
observed alanine replacement frequency at each target 
site close to the expected frequency of 25% (Fig. 4 and 
Table 3, compare JCol and JCo3). Deduced from data 
in Fig. 4, the experimental frequency of alanine re- 
placement at each site departs from the expected fre- 
quency with average values of 0.24, 0.17, 0.18, and 0.13 
for JCol, JCo2, JCo3, and JCo4, respectively. These 
average values were used as an approximation of p 
to recalculate the theoretical distributions of multiple 
mutants using Eq. [1]. The theoretical distributions us- 
ing these corrected values for p are closer to the ob- 
served distributions (Table 3). 

Concluding Remarks 

(i) The codon-based mutagenesis approach is a gen- 
eral method to introduce any selected residue, deletion, 
or insertion in a given protein sequence. We have 
shown that representative repertoires of alanine mu- 
tants can be constructed using oligonucleotides synthe- 
sized by the column-splitting technique and that the 
probability of multiple mutant occurrence corresponds 
to the statistically expected value. The possibility of 
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TABLE 2 

Occurrence of Observed Mutants for the Four Single-Oligo Libraries 0 

Number of Number of 



Mutant 


isolates 


Mutant 


isolates 


JCol library 




JCo3 library 




Wild-type 


20 


Wild-type 


27 


V37A 


4 


L36A 


7 


Q39A 


6 


L38A 


2 




o 
o 


cm*} a 


4 


USA 


3 


P44A 


2 


UQ7A CWQA 


% 
i 


Ltd Ort * Ltd O rt 


3 


V37A-G44A 


2 


L36A-S43A 


2 


V37A-L45A 


3 


L36A-P44A 


0 


G44A-L45A 


0 


S43A-P44A 


1 


Q39A-G44A 


3 


L38A-S43A 


1 


Q39A-L45A 


4 


L38A-P44A 


0 


V37A-Q39A-G44A 


1 


L36A-L38A-S43A 


0 


V37A-Q39A-L45A 


0 


L36A-L38A-P44A 


o 


Q39A-G44A-L45A 


0 


L38A-S43A-P44A 


2 


V37A-G44A-L45A 


1 


L36A-S43A-P44A 


0 


V37A-Q39A-G44A-L45A 


0 


L36A-L38A-S43A-P44A 


0 


JCo2 library 




JCo4 library 




Wild-type 


29 


Wild-type 


36 


Y91A 


2 


Y87A 


5 


W103A 


10 


F98A 


8 


G104A 


4 


Y87A-F98A 


0 


Y91A-W103A 


3 






Y91A-G103A 


2 






W103A-G104A 


0 






Y91A-W103A-G104A 


0 







° The background of clones lacking the incorporation of the mutagenic oligo was not considered for analysis. 



TABLE 3 



Comparison of Observed 0 and Calculated Frequencies 


of Multiple Mutations for Each Single- 


■Oligo Library 


i» 


0 


1 


2 


3 


4 


JCol 


0.39 


0.31 


0.25 


0.04 


0 


in = At 


(0.32 r 


(0.42) 


(0.21) 


(0.05) 


(0.004) 


p = 0.24 d 


(0.33r 


10.42] 


10.20] 


[0.04] 


[0.0031 


JCo2 


0.58 


0.32 


0.10 


0 




in = 3) 


(0.42) 


(0.42) 


(0.14) 


(0.02) 




p = 0.17 


(0.57J 


10.351 


10.071 


[0.0051 




JCo3 


0.53 


0.29 


0.14 


0.04 


0 


in = 4) 


(0.32) 


(0.42) 


(0.21) 


(0.05) 


(0.004) 


p = 0.18 


10.451 


10.40] 


[0.13] 


[0.02] 


10.0011 


JCo4 


0.73 


0.27 


0 






in =2) 


(0.56) 


(0.38) 


(0.06) 






p = 0.13 


10.761 


[0.23] 


[0.02] 







° The data derived from Table 2. 

* See Eq. [1] (Materials and Methods). 

f Calculated frequency using Eq. [1] with p * 0.25 and assumptions described in the text. 

d Average of experimental frequencies of alanine codon incorporation at targeted positions for single-oligo library calculated from values 
presented in Fig. 4. 

* Calculated probability of multiple mutants occurence using the average of experimental frequencies of alanine replacement as p in 
Eq. 11]. 
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obtaining a collection of large statistical samplings of 
mutations has important implications for the under- 
standing of structure -function relationships in pro- 
teins. 

(ii) Our approach also facilitates the modulation of 
the statistical distribution of multiple mutants either 
during the oligo synthesis or by recombining various 
libraries once the effect of given mutations at a limited 
number of positions is known. No prior knowledge of 
the impact of single or multiple changes on protein 
function is necessarily required. At a low level of muta- 
tions, the size of the libraries is large, increasing the 
screening effort. At a high level of mutations, however, 
the preponderance of multiple mutants might result 
in a larger number of nonfunctional proteins without 
providing information relative to critical amino acid 
positions. The total number of different possible muta- 
tion combinations for n targeted sites is 2 n , Equation 
[2] permits the evaluation of the minimum number of 
individual colonies to screen to achieve a high degree 
of certainty of including all possible combinations of 
substitutions encoded by a mutagenic oligo population. 
For example, if p = 0.25, n = 4 (F< = 0.004; Table 
3) with an efficiency of mutagenesis of 50%, then the 
minimum number of individual colonies to be screened 
to obtain at least onefold coverage of the 16 possible 
mutation combinations with a 99% degree of certainty 
is 575 clones. However, as some mutant combinations 
are underrepresented, the size of the library must be 
increased accordingly. 

(hi) The PCR-based colony-screening procedure 
allows in the absence of phenotypic selection (a) the 
determination of the mutagenesis efficiency, (b) the 
evaluation of the percentage of alanine codon incorpo- 
ration at targeted positions, and (c) the discrimination 
of wild-type molecules and the identification of mu- 
tants. DNA sequencing is not required for all the clones 
selected from the screening of the minimum number 
of colonies, reducing time-consumming efforts in DNA 
sequencing analysis. Up to 100 clones containing four 
potential mutation sites could be fully characterized in 
a day. Combined with a phenotypic screen, the ap- 
proach should be a powerful addition to the spectrum 
of mutagenesis methods. 
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The generation of 'magic bullet 1 reagents to specifically 
attack tumour cells has long been the subject of intense 
effort 1 . Therapeutics derived from the monoclonal anti- 
body BR96 represent a potential landmark since they 
show great promise in the treatment of several human 
cancers is preclinical trials 2 * BR96 has been shown to 
recognize Lewis Y (LeO 3 , which is expressed on the sur- 
face of a variety of tumour cells*. BR96 was raised against 
human breast carcinoma cells and recognizes a tumour- 
associated antigen expressed at high levels on many hu- 
man breast, lung and colon carcinomas and only at low 
levels on some differentiated epithelial cells, predomi- 
nantly from the gastrointestinal tract 3 . BR96 recognizes 
the Le r tetrasaccharide 3 , a carbohydrate detected on hu- 
man tumours, often in the form of trifucosylated Le* (ref. 
4; Fig. 1). All Le*-related oligosaccharides are 
conformanonally restricted around the N-acetyl-D-glu- 

coeamine (Nag) due to substituente at positions 3 and 4 

(Fig. 1 ). Much of the LC* recognized by BR96 on tumours 
is associated with the LAMP- 1 membrane glycoprotein 5 . 
Membrane bound BR96 is rapidly internalized into 
tumour cells**- Thus an immunoconjugate, consisting 

of BR96 and the anti-cancer drug doxorubicin, was gen- 
erated to selectively target and kill tumour cells 7 . The 
BR9o-doxorubicin conjugate has been shown to cure 
nude mice from xenografted human carcinomas of the 
.lung, breasted colon*, and is currendy the subject of 
phase I clinical trials. The nonoate methyl ester deriva- 
tive of Ler (nLeO was used to screen M13 phage libraries 
of BR96 mutants 6 , designed with the aid of a three-di- 
mensional model of the antibody 9 . These studies have 
resulted in the identification of BR96 mutants with in- 
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creased affinity for tumour cells. In addition, one mu- 
tant shows increased bidding to nLe% but not to 
tumours 8 . 

BR96 is the first reported! structure of an anti- tumour 
antibody in complex with antigen and, in addition, the 
first structure of a fragment of a murine IgG3. To ex- 
plore the structural basis of|the specific BR96-Le y inter- 
actions and the mutagenesis results, the crystal struc- 
ture of the BR96-nLe* complex: was determined. Crys- 
tals of the mBR96 (mouse lgG3, tc) Fab-nLe' and cBR96 
(chimeric human IgGl, v$ Fab'-nLe* complexes with 
identical variable fragements (Fvs) were obtained by co- 
crystallization as described,! previously 10 (Fab' indicates 
antigen-binding fragments produced with pepsin rather 
than papain). The structures of the complexes were de- 
termined by molecular replacement using several Fab 
structures as search modelsj Details of the structure de- 
terminations and the refinement are given in Table 1. 
Fig. 2 shows the electron density of the bound nLe' ligand 
in the binding site of cBR9d. The independently refined 
structures of die mBR96 Fao-riLe* and cBR96 FaV-nLer 
complexes are similar. After least squares superposition 
of the BR96 Fv framework regions the root-mean- 
squared deviations are O.si A for all CDR loop atoms 
and 0.61 A for all nLc* atorjis. The details of the BR96- 
nLe y interactions are essentially identical in both struc- 
tures. The analysis will be focused on the cBR96-nLe r 
complex at 2.5 A resolution 1 . 

An^ibodj^^apbohydpate 5ffatera<stij©ifii3 
BR96 binds nle? in a large, bleep pocket which is approxi- 
mately 12 A wide (VH to yL distance) and 10 A deep 
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Nonoate methyl ester Lewis Y (nLe*): 

R - {CH,) fl COOCHa 

Trifucosylated Lewis Y: 

OH 




v \ NHAc 
OH 



Fig. 1 Structures of the nonoate methyl ester Lewis Y 
(nLe*) tetrasaccharide and trif ucosylated Lev. i& consists 
of four hexose unKs and Is confer (nationally restricted 
around the fuc4 (cxi -+ 3)Nag and Gal (pi -* 4)Nag 
glycosidic bonds. In trifucosylated L.e* (ref. 4) the Gal (B1 
-* 4) {Fuc (o1 3)} Nag unit is repeated, but is replaced 
by nonoate methyl ester in nLe*. 



(Fig. 3o,c). This pocket b predominantly formed by aro- 
matic residues (5 Tyr, 1 Trp, 1 Phe and 1 His). The BR96 
residues which contact nLe r or which are at least par- 
tially buried"' 11 in the complex* and the contacts between 
BR96 residues and the individual nLe' units (4 hexose 
units and the nonoate methyl eater group) are summa- 
rized in Tables 2 & 3, respectively. The binding of nLe y 
buries 422 A a of the BR96* surface. As has been observed 
in most other antibody-antigen complexes, the VH do- 
main contributes the majority of the buried surface (79 
%) and moat of the contacts. More than half (55 %) of 
the buried surface on the antibody is contributed by the 
Side chains of the aromatic residues (Table 2). These con- 
tacts to aromatic residues include hydrogen bonds from 
the side chains of two tyrosines and a tryptophan to Le* 
(Fig. 3b), Other hydrogen bonds are formed by main 
chain atoms and by only one non-aromatic side chain* 

nature structural biology volumQ 2 number 6 june 1995 



Gin H52A, All four hexose units of nLc* arc accommo- 
dated in the BR96* binding pocket (Pig. 3n,c): Fuc4 of 
nL^ i s deeply buried and is mainly involved in contacts 
to BR96 main-chain atoms (Taj>le 3), The CDR H3 loop 
in BR96, with the exception of Trp HIO'OA. contributes 
only main-chain atom van dcr Waals contacts and hy- 
drogen bonds from five residues to the interaction with 
l& (Pig, 3b). In addition, the side chain-of Asp H97 in- 
teracts with the nonoate methyl ester. The presence of 
all four hexose units of nLe^ is essential for binding: Le\ 
which lacks Fuel, docs not bujd to BB56* (ref. 3). Fuel 
interacts solely with residue His L27D of the long CDR 
LI loop in BR.96, however, the absence of Fuel would 
leave a part of the BR96 binding pocket .unoccupied. 

The intimate involvement if all four, hexose units of 
nLc v in binding to BR96 suggests high specificity of the 
interaction, but does not result in high affinity (-2 X 10 5 
M" 1 for Fab; ref. «), This probably reflects thc cnthalpic 
penalty required to desolvate and the entropic penalty 
to immobilize the nle*ligand on brndiug^Energetic calcu- 
lations suggest that much of the binding energy results 
from the hydrophobic effect djie to burial of non-polar 
atoms (S. Sheriff fie J. Novomy, personal communica- 
tion using methods described! in ^ Th e non-car- 
bohydrate nonoate methyl ester group of Die* interacts 
in an extensive manner with BR96. Of the 397 A 3 of nLe v 
surface, which is buried on bidding to &R96, -20 % is 
attributable to the nonoate methyl ester group. The 
pairwise residue interactions axe listed in Table 3. This 
suggests that a carbohydrate dctension (for example, -» 
3 Gal) at the 01 of the Le y Nfrg unit could favourably 
contribute to the interaction vfiih BR96. A Nag 01 car- 
bohydrate extension (Fig. 1) would not affect the residual 
structure of the Le 7 tetrasaccnaride nor interfere with 
existing BR96-Le 7 contacts. The struciure suggests that 
BR96 can recognize carbohydrate antigens larger than 
the minimal Le y tetrasacchari(k, and that the relatively 
high tumour specificity 3,3 of BBSG may be the result of 
recognition of larger Le^-related antigens found on 
tumour cells. 

Other anti-Le v antibodies nave been reported" JS but 
their structures are unknown). The binding of all four 
hexose units of nLc y inside a pocket represents & major 
difference of this structure in comparison with the only 
other antibody-carbohydrate complex structure known, 
Sel5S-4-Salmonella O-antipen complex 1 *"". In the 
Sel55-4 structures only one hexose of the antigen is bur- 
ied on complex formation whereas the others (from 2—6 
hexoses) axe located on the antibody surface. Kabat pro- 
posed many years ago that anybodies which recognize 
linear carbohydrate antigens display either groove- or 
cavity-shaped binding sites (reviewed in ref. 19). Nei- 
ther Lc f nor Salmonella O-antigcn arc strictly linear car- 
bohydrate chains, but the X-ray structures of Sel55-4 
and BR96 in complex with carbohydrate antigens are 
consistent with the proposed groove and cavity classes, 
respectively, Sel55-4 has a pocket for abequose, but the 
carbohydrate binds along the Surface of the antibody in 
such a way that many Sel55-4|binding sites could attach 
to a long carbohydrate chain, In contrast, BR96" binds at 
the non-reducing end of the carbohydrate and thus rep- 
resents a cavity-type antibod^. 
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Table 1 Data collection and refinement statistics 



Data Collodion 

Space Group 

*<A> 
c(A) 

Maximum Resolution (A) 
Observations (no.) 
Unique Reflections (no.) 
Completeness {%) 

v\ 

Last Shell (A) 
Completeness (%) 

Resolution range (A) 

Number of reflections (in 

Number of atoms 
/l-value 

r.m.s.d. bond length (A) 
r.m-s-d. bond angle, B 
r.m.s.d. dihedral angle, 9 
rnrus.d, improper angle. 0 
Coordinate error (A) 



mBR96 Fab-nte* 


CBK96 FaD'-PLe* 






69.4 


at 1 


84.9 


Ol./ 


86.8 




2.7S 


2.5 


23962 




9937 


ZUUM 


73.9 


91 .7 


7,0 


C Q 


12.6 


5.1 


2.9S-2.78 


2.75-2.51 


43.8 


90.5 


3.8 


3.6 


8-2.78 


S-2.S 


8858 


17177 


3427 


3315 


0.197 


0.238 


O.ODB 


0.009 


1.6 


1.6 


27.5 


27.1 


1.4 


1.3 


0.30 


0.37 



71 =L{L\I • </>l)/X,</ T >; /y Is the scaled I menslty of the jth observation of 
eacrTLnique refaction 'i and <lf> is the mean value. 



•Method of uizzati". 



In other prutcin^arbohydratc complexes, carbohy- 
drate ligandfi interact predominately with negatively 
charged, amide and aromatic side chains*^ 3 . Aromatic 
groups stack with hexose rings, while the side chain* of 
Asp, Asn, Glu and Gin form most of the hydrogen bonds 
to the carbohydrate 20,21 . In hoth the Scl55-4 (ref- 16) and 
BR96 complexes, the interactions are qualitatively dif- 
ferent. Most of the hydrogen bonds to the carbohydrate 



ligand are made with the aro; natic side chains or wi 
main chain atoms. Moreover, the aromatic groups are 
generally not stacked against the hexose rings. Rather, 
the preponderance of aromatic aide chain* in the an 
body-carbohydrate interactions is consistent with 
relatively high frequency of aromatic residues in sui 
body combining sites", j * 

Higher affinity mutants 

Saturation mutagenesis of BR 96 CDR loop residues and 
selection in Ml 3 phage expression libraries has resulted 
in the bolation of three mutajnw with higher affinity to 
either nLe y or tumour cells. A triple mutant in CDR loop 
HI (Thr 28 -* Pro, Ser 3D -» Ala, Asp 31 -» Ser) showed 
an approximate fourfold inert lase in binding to nLe y . but 
not to tumours. TWO separate mutatiops in CDR loops 
H2 (Gly 53 ~» Asp) and H3 (Asp 97 j-» Ala) each in- 
crease the binding to tumou: cells approximately fiv 
fold- The H2 mutation, how >ver, shows only margin 
improvement with nLe*, w aereas the H3 mutati 1 
equally enhanced binding to both antigens*. 

Since none of the three changes in HI affect a struc- 
tural determinant position 84 of the canonical Hi loop in 
BR96 and since Thr H28 had acceptable $,Y angles for 
proline, a significant ajnfcormjarional change of HI is not 
expected as a result of these mutations. In the BR96- 
nie? complex, however, the charged side chain of Asp 
H3 1 contacts the methylene inoiety of the nonoate me- 
thyl ester group of nLc y , Thia unfavorable interaction 
would be diminished as a consequence' of the Asp Ser 
mutation. This is likely to explain the better binding of 
the mutant to nLeV. This change does not affect existing 
molecular contacts between BR96 and the LC 
tetrasaccharidc. On tumour ce|s Asp H3 1 may interact with 
a carbohydrate extension providing an explanation for the 
differential effects on nLe> and tumour, cells. 

CDR loop H2 adopts a canonical structure type 3 (ref. 
24) in the BR Q 6-nLe y complex, which usually requires 
the presence of a Gly at position 54 in the loop due to 




Pig. 2, Stereo diagram of 2lF>W electron density in the binding site of the cBrW-La* «mpl«j P f j?' * c 
contoured at la ifie electron density is shown in dark blue, the final nLe* model >n yellow and BR96 In cyan, 
and displayed in the program CHAIN 33 . 



fitting rvtey. The map was 
Map calculated by X-PLOR w 
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unfavourable 4>,\r angles. Since BR96 contains glycines at 
position 53 and 54, the H2 loop may adopt more than one 
confonnation 0 . However. In both structures these two gly- 
cines are in well-resolved electron density with carbonyi 
bulges and average or below average S- factors. The muta- 
tion Gly H53 — > Asp should generally stabilize the H2 ca- 
nonical motif in BK96 in the absence of antigen. Giy H53 is 



not a nLe y contact residue, an<\ model building suggests 
that the side chain of Asp at position' 53 -does not contact 
the nLC. That this mutation! preferentially improves 
tumour-antigen binding provides further' support for the 
hypothesis that BR96 binds a larger Le^ structure in vivo. 

In contrast to the mutated! residues In Hi and H2, 
Asp H97 interacts with both tile tctrasaccharidc and the 




# ,1 1 1 CCA t - /" I *, y , 



t tit. l-.'V'. ■'' ';.. r ,. 



S^ r '" L5C- 




C 




Fig. 3 stereo views of Lewis Y binding to CBR96. 3. nLe' Is shown In cyan, the side chains of contacting residues are shown In yellow, CDK 
loops are displayed In rose and framework regions in magenta. Figure produced with the program RIBBONS* 8 . /^Hydrogen bonds between 
nle* (yellow) and BK96 (cyan) are shown in red. Figure produced wrth the program CHAIN 13 , c. The binding pocket of C0R9G with the 
model of Le y bound. Protein surface is displayed in green (for convex surfaces) to dark gray (for concave surfaces) and the l_e> is shown in 
cyan. Figure produced with the program (3RA5P 40 - I 
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Table 2 Buried and contacting residues In mBR9B-nLe* and cpR9«-nL»y complex^ 



residue 1 Partially Buried 2 Contacting 



L 27D His 

L27EA5H 

L32Tyr 

L94Val 

L 96 Phe 

H28Thr 

H31 Asp 

H 32 Tyr 

H33Tyr 
H35 Tyr 

H SO Tyr 
H.52A Gin 
H 56 lie 
H 95 Gly 
H96 Leu 
H97 Asp 
H 99 Gly 
M 100 Ala 



MIOOATrp 



mBR96 CBR95 



X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 



X 
X 
X 
X 
X 
X 
X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 



mSR96 
X 



X 
X 
X 
X 

X 
X 

X 

X 
X 
X 
X 



CBRSfi 

X 



X 
X 
X 
X 



mBR96 
atoms Dtst. A 
NE2-Gal03 3.1 



Hydrogen bonds 



cBR96 

NEZ-Qal OS 



Diet. A 
3.2 



OH-NonO10 
N-Nag 07 
OH-FueA 03 
OH-Gal OS 



3.1 
3.2 
2.7 
2.7 



OH-Non 01 
N-Nag 07 
OH-FucA 03 
OH-Gal 06 



2.9 
3.1 
2.5 
2.7 



X 
X 



X 
X 
X 
X 



NE2-Nag 01 2.8 NE2-Nag 01 3.1 



N-Fuc4 OA 
0-FUC4 03 



3.3 
3.0 



ODVNonOI 

N-Fuc4 OA 
OFuc* 03 
0-FUC4 OA 
NEI-Gal 06 



1 Kabat ngmboring 38 . . , , 

burled surface area determined by the program MS 12 with a 1.6 A proba sphere and van der 
Waals radii from Gelin & Karpius 50 . Contaas were determined by the method of Sheriff", As no 
uniform criteria for the assessment of 'contacts' exist, we use 'buried surface area' as an 
encompassing definition, which is less restrictive than 'contacts'. Sao Sheriff" for further 

^Cryswflographic modal was refined in x-PLOR with electrostatics turned off. Moreover, the model 
does not contain potentially portidpeting woter molecules that could explain this apparently 
unfavourable interaction. 



nonoate methyl eater. The main chain of this residue 
contacts Nag3 (Table 2) while the Asp H97 side chain, 
although partially solvcnt*exposcd, contacts the nonoate 
methyl eeter. The structural consequences of the Asp H97 
— > Ala mutatlrin remain unclear, but the mutation may 
lead to enhanced van der Waale interactions between H3 
and nLc7. Furthermore, removal of a negative charge from 
the Vicinity of the partial negative charge on the carbonyl 
oxygen on the N-aretyl group of Nag may be energetically 
favourable. Tb resolve how these mutations affect the BR96 
interaction with tumour cells, it ivill be necessary to study 
both the complex of BR96 with a larger Le 7 antigen and 
complexes of BR96 mutants. 



Methods 

Data collection and molecular 
replacement. Date were collected as 
previous!^ described for both complexes 10 . 
Only oni c/yctal of satisfactory size was 
obtained for rn&R96 Fab-nLe* complex and 
radiation decay limited trie amount of data 
That coild bo collected (Table 1). For 
refinement of the CBR96 Fab'-nLe* 
complex, 1 data (Table 1) were collected with 
an R-aXis lie at Molecular Structure 
Corporation (The Woodlands, TX, USA). 

The structures of the cBR96 Fab '-nLe* 
end mBiR96 Fab-nLe» complexes were 
determined by molecular replacement. 
Approximately 1 5 Fab models were used 
in conjunction with MEALOT 2 *, BRUTE 16 and 
X-PLORY*" io determine the structure of 
the cBR96Fab'-nLo? complex. A rotation 
f unctiorj solution obtained with the Pv 
of 1 7/9 {1 ML; ref . 29). The fvs of the other 
Fab models wore superimposed on the 
rotated p 7/9 rv to create models with 1 7/ 
9 Fv and the elbow bend and constant 
region of the Fab. The hybrid modal of 1 7/ 
9 FV With the constant domains of 40-50 
Fab, an anti-digoxiri antibody 30 ! yielded the 
highest correlation coefficient at the 
filtering 1 step. The results of the correlation 
coefficient translation function revealed the 
apace group to be M.2,2 as opposed to its 
enantldmorph. After obtaining the 
molecular replacement solution for the 
CBR96 Fab'-nLe* complex, the VL domain 

was replaced with that oT B 1 312 (i iqp; ref. 

31) and non- identical residues were 
trimmed to Ala' or Gly and peptide 

segments in the CDRs were set to zero 
occupancy. The model was rebuilt, divided 
Into f" v and CLCH1 fragments", and used 
in conjunction with MERLOT", BRUTE" and X-PLOR"-" to 
determine the structure of the mBR96 Fab-nLe> complex. 



3.03 

3.1 
2.9 
3.2 
3.3 



Refinement. Maps were calculated with X-PLOR 2 * and models 
examined and manually rebuilt using CHAIN 33 . Refinement by 
simulated annealing was performed with X-PLOR" using the engh 
and Huber 3 * topology and parameter set but with Daram19x.pro 
force constants (P.DJ-, unpublished). Atf the end of refinement 
for both the mBR96Fab-nLe y and cBR96Fab'-nLe> complexes, the 
Engh and Huber topology and parameter sets distributed with X- 
PLOR (parhcsdx.pro and parani3.cho for'ldO were used. In both 
parameter sets the disulphide bond dihedral restraints were 
modified for the immunoglobulin disulphide bond, which has a Xj 
of -180* (ref. 35; P.DJ., unpublished}. Trie relatively high rt-value 
for the cBR96Fab'-nLey complex can be rationalized by the 

I 



Tbble 9 Lewis Y residues contacting BR96 residues 



Le' Residue 



BR96 Residues' 



Fuc 1 
Gal 2 . 
Nag 3 — 

Fuc 4 Tyr 32 

Nonoate Methyl Ester 



tight chain 
HIS27D 

His 27D- Phe 96 



Heavy chaip i 

Tyr 33, Tyr 35, Tyr 50, Tfp 100A I 
Asp 37, Tyr 32, Tyr 33, 52A. Asp 97 
Tyr 33, Gty 35, Z.eu 55, Gly 99, Ale f 00, Trp 1 00 A 



Asp 31, Tyr 32, Gin 52A, Asp 97 
Residues in Italics Interact through main chain only. ^ 



'Kabat numbering 31 
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extremely high mobility of the CL;CH1 domain dtmer (average B 
of 65 A a versus 34 A' for rv), which is consistent with cl:CM1 nox 
being involved in lanice contacts. In the cSR96Fab'-nLe> complex, 
convincing electron density could not be found for residues Ll- 
IZ, L212-L214 (C terminus), HI and H1Z5-H135, which are 
typically poorly ordered in Fab structures. 

After the COR loops were built residual electron density in the 
binding pocket was fitted with a model of Le v . The Le y 
tetrasaccharide was constructed using the BUILDER module of 
Insightll (Biosym Technologies, San Diego) and low energy 

confprmers were generated, When the maps showed electron 

density attributable to the nonoate methyl ester group, it was 
added to the model In extended conformation using chain". 
initially, the density in the binding pocket of the mBR96Fab-nLe* 
complex could be fitted with & twofold em bi gutty, with the 
positions of Gal 2 and Fuc 4, and those of fuc 1 and Nag 3 
interchangeable. The ambiguity was resolved when the cBR96Fab'- 



nle» complex wag examined and showed deer- density for the 
current interpretation. Moreover, the zlfj-lfj electron density map 
of The cBR96Fab'-nLey complex shoCwed the nonoate methyl ester 
group, which confirmed the position of Nag 3 (Fig. 2). Re- 
examination of the mBR96Fab-nLe* complex also revealed 
corresponding electron density. 1 

Structure analysis. Molecular surfaces were! calculated by the 
method of Connolly!* with a 1.6 A probe sphere and van der 
Waais radii from Geiin & Karplus^'so that the results might be 
directly compared with those in ref f 1 1, van der Waais contacts 

were calculated by the method of Sheriff 11 . Coordinates have been 
deposited in the Protein Data Banfcyvlth accession numbers 1CYL 
and KlZ with a hold of one year f(om publication. 
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